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Abstract 
 
The reliability of a water distribution network (WDN) is defined as the probability that 
WDN is able to provide sufficient flow and pressure at all consumption nodes of the 
network under predicted and unforeseen conditions during a specified period of time. 
Uncertainty in projected nodal demands and estimated pipe roughness coefficients of each 
year of operation is the major cause of fluctuation in pipe flows and nodal pressures of the 
WDN. Since WDN is one of the most important and expensive components of water 
supply systems, safeguarding the reliability of WDNs under uncertain demand and pipe 
roughness is the aim of water agencies or authorities dealing with design, maintenance, 
and the operation of WDNs. 
There are two main approaches in the current literature for safeguarding the reliability of a 
WDN: applying reliability theory as a probabilistic approach; and, using resilience index 
as a deterministic approach. To assess the reliability of a WDN, the nodal demands and 
pipe roughness coefficients are modeled probabilistically, and the performance of the 
water distribution network in terms of probabilistic nodal pressures is assessed using 
various methods, such as Monte Carlo Simulation (MCS). On the other hand, the resilience 
index is a surrogate deterministic measure for the reliability of the WDN which has been 
widely used in recent years to improve the reliability of WDN design. 
In this study, MCS is applied to compute the reliability of the nodes and the network under 
uncertain demand and roughness, and to determine how reliability is distributed among the 
various nodes of WDN, as well as assessing the reliability of the network as a series or 
parallel system. The effect of the resilience index on the nodal and network reliability of a 
WDN is also assessed. This research investigates the relationship between the reliability 
and resilience index at two levels of nodes and networks; thus, it fills the knowledge gap 
that exists in a process where only the resilience index is used, thereby providing a more 
comprehensive measure for the WDN operating under uncertain conditions.   
The results showed that the impact of uncertainty in projected demands and estimated pipe 
roughness – which is not considered in the term of the resilience index – can be assessed 
on performance of a WDN using the reliability theory. The results of the reliability 
assessment of different nodes of a WDN showed that the value of reliability at each node 
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depends on the location of the node, and it decreases as the distance of nodes from the 
supply node increases. Results of sensitivity analysis of reliability to the degree of 
uncertainty in design parameters also show that an increase in the coefficient of variation 
(COV) of random nodal demands and random pipe roughness coefficients decreases the 
nodal and network reliability of a WDN. Moreover, the results of the reliability 
assessment, under two scenarios of correlated and un-correlated design parameters, 
revealed that correlation causes a decrease in the nodal and network reliability if the COV 
of the design parameters is small; however, when the COV increases, the correlation 
sometimes causes an increase in nodal and network reliability compared with un-correlated 
cases.  
Furthermore, a mathematical formula was developed between the reliability and resilience 
index to determine the thresholds of the resilience index that are able to meet a desired 
level of nodal and network reliability under a designated uncertainty in nodal demands and 
pipe roughness coefficients.  
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Chapter 1 
 
1. Introduction 
 
1.1 Water Distribution Network  
Fresh water is one of the most essential needs for residential and non-residential sectors of 
any society. Water is always in demand due to the needs of domestic, commercial, 
industrial, public and agricultural users. For instance, of Melbourne‟s total water usage in 
2011-12, 65% was residential usage, 25% was non-residential used by factories and 
businesses, schools, hospitals and parks, and 10% was lost through water main bursts and 
leaks, and unaccounted loss due to inaccurate water meters (MelbourneWater). 
To supply water for different users, water is collected from the sources, and then 
transferred and distributed among the users. Once water is collected from the sources, and 
treated to the appropriate standards at the water treatment plants, it is then transported 
through a water distribution system at sufficient flow and acceptable pressure (Savic and 
Banyard 2011). To meet sufficient flow and pressure, the water is transferred from 
treatment plants through a pipe network by means of energy provided by pumps and/or 
elevated head (potential energy at the tank or the reservoir). Service reservoirs store water 
to deal with emergency situations i.e. fires or source failures, and to balance the hourly 
fluctuations in demand (Savic and Banyard 2011). The trunk pipes are used to transfer 
water from treatment plants to the reservoirs and from the reservoirs to the piped network. 
Therefore, the main components of water distribution systems are pumps, service 
reservoirs, and a network of pipes (Savic and Banyard 2011). 
For instance, to supply water for the Melbourne metropolitan area, water travels a long 
way from the catchments to the consumers` taps, through protected reservoirs, treatment 
plants and networks of pipes. Melbourne Water, as the supplier of Melbourne‟s drinking 
water, is responsible for an extensive water supply system. Melbourne Water manages 
catchments, treats drinking water and transfers it to the retailers (MelbourneWater). 
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Melbourne Water supplied 365,559 million litres of drinking water to water retailers in 
2011-12 (MelbourneWater 2011-12).  
Melbourne Water and its retailers, including City West Water, South East Water, Western 
Water and Yarra Valley Water, work together to develop cost-effective, growth-servicing 
plans to supply water to Melbourne's growing population  (by using new infrastructure) 
(MelbourneWater 2011-12).  
At first, water is harvested from water catchments. Water catchment areas in the north and 
east of Melbourne capture rainfall and direct it into the major storage reservoirs 
(MelbourneWater). While the catchments are the primary sources of drinking water, in 
cases of critical need, supply options like the Victorian Desalination Plant and North-South 
Pipeline are also available (MelbourneWater). There are 10 storage reservoirs, which are 
interconnected, making the water supply system very flexible. (MelbourneWater). Then 
water is transferred from storage reservoirs to the treatment plants so that it meets water 
quality requirements (MelbourneWater).  
After treatment, water flows through large pipes to smaller service reservoirs. Melbourne 
Water owns 38 service reservoirs located around the suburbs of Melbourne, which have 
capacity in the range of 2 to 250 million litres. The service reservoirs are often located in 
elevated areas so water can be transferred via gravity, which is less expensive and power-
intensive than pumping water (MelbourneWater). From the service reservoirs, water flows 
through smaller pipes to different customers through a network of pipes, which is called 
the „water distribution network‟ (WDN) (MelbourneWater). 
The design phase of the WDN involves choosing the characteristics of the components of 
the system so they can meet the requirements of the WDN. The requirements of WDN 
design are defined by water authorities to meet hydraulic constraints, including the 
minimum required pressure at consumption nodes, and acceptable velocity of water flow 
within the pipes. Therefore, the main task of WDN design is to determine the material and 
diameter of pipes so that nodal demands are met at sufficient pressure and minimum cost.  
There are two sets of variables in the procedure of WDN design: decision variables, known 
as „design variables‟, which are pipe diameter and pump type; and „state variables‟, which 
are pressure at nodes and flow rates in pipes (Swamee and Sharma 2008). The main design 
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parameters, based on which design variables are chosen and which state variables are 
controlled, are the water nodal demands and pipe roughness coefficient. 
1.2 Reliability of WDN under Uncertainty in Demand and Roughness 
The major sources of uncertainty during the operation of a WDN come mainly from water 
nodal demands and pipe roughness coefficients (Babayan, Savic et al. 2007). Population 
growth, climate conditions, socio-economic factors, public behaviour, life style and 
standard of living (Swamee and Sharma 2008) are the causes of demand uncertainty at 
each year of operation of a WDN. Also, inevitable impacts of corrosion and sediment on 
the pipe roughness coefficient as pipes age may lead to uncertainty in estimated pipe 
roughness coefficients.  
The aforementioned uncertainties in nodal demands and pipe roughness coefficients can 
lead to the hydraulic failure of a WDN during its service life. The hydraulic failure at a 
consumption node of a WDN is defined as a nodal pressure drop below the minimum 
required pressure (Tolson, Maier et al. 2004). If actual demands exceed projected 
demands, and/or actual pipe roughness coefficients exceed the estimated roughness 
coefficients, the dissipated energy within the pipes increases, and thus a hydraulic failure 
may occur at the nodes (Xu and Goulter ). 
The reliability of a WDN related to the hydraulic failure of a WDN measures the ability of 
a water distribution network to consistently supply the acceptable quantity of water 
demanded over its operational years. The study of the reliability of a WDN is concerned 
with the calculation and prediction of the probability of failure of a WDN at different 
stages of its service life. 
The reliability of one consumption node under uncertainty in nodal demands and pipe 
roughness is defined as the probability that nodal demand is supplied at or over the 
prescribed minimum pressure for a fixed configuration of the network under random 
demands and random pipe roughness (Xu and Goulter ). The reliability of the network 
is also defined as the probability that the minimum required pressure is met at all nodes. 
Probabilistic and deterministic evaluations of performance of a WDN are two main 
approaches for safeguarding the reliability in WDNs under uncertainty in demand and 
roughness (Reehuis 2010). The essence of the probabilistic approach is to analyse the 
uncertainties in demand and roughness, and to compute the probability of failure of the 
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WDN. However, the main concept of the deterministic approach is to provide the intrinsic 
redundancy for the network in terms of surplus energy without any uncertainty analysis. 
1.3 Problem 
To improve the reliability of a WDN, the design of WDN has evolved from the single 
objective of minimizing cost to being multi-objective, that is, to minimize cost and 
maximize the reliability. However, there are three problems in the current WDN design. 
Firstly, the reliability of WDN is measured by a deterministic surrogate measure known as 
resilience index, which does not take into account the uncertainty in nodal demands and 
pipe roughness coefficients. Therefore, there is no guarantee that the reliability of the 
nodes and the whole network is ensured under a designated uncertainty in demand and 
roughness.  
Secondly, there is a knowledge gap on how reliability is distributed among the nodes of a 
multi-objective WDN design. This is such important information, since there are some 
nodes in the WDN that supply water to critical users, such as hospitals and schools. 
Understanding the reliability of those nodes can help to avoid their failure. 
Thirdly, it is desirable to quantify the relation between nodal and network reliability of 
WDN so that a WDN design can be selected, which has the expected nodal and network 
reliability under designated uncertainty in key factors of the design. 
1.4 Aims and Objectives 
The main aim of this study is to assess the reliability of the nodes and the network for a 
resilience index-based design of water distribution network under uncertainty in nodal 
demands and pipe roughness coefficients. Since uncertainty in design parameters is not 
taken into consideration in WDN design, the reliability assessment is necessary to predict 
and calculate the probability of failure for given designs of WDNs. The impact of 
uncertainty in projected nodal demands and estimated pipe roughness coefficients is 
assessed using failure of nodal pressure, which is the most common criteria of hydraulic 
performance of WDN. The reliability of each node is defined as the probability that nodal 
pressure is at or over minimum required pressure, and the reliability of the network as a 
series or parallel system is then calculated. 
With this main aim, the current study conducts the following investigations: 
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1. The computation of nodal and network reliability of WDN under uncertain demands and 
roughness coefficients. 
2. The sensitivity of the nodal and network reliability to a degree of uncertainty in nodal 
demand and pipe roughness coefficient.  
3. The relation between the reliability and resilience index under given uncertainty in 
nodal demand and pipe roughness coefficient at the nodal and network levels. 
4. The determination of thresholds of the resilience index which could meet the specific 
level of reliability under given uncertain demands and roughness coefficients.  
To answer following research questions; 
(a) How is reliability theory used to assess nodal reliability?  
(b) How is reliability theory used to assess network reliability? 
(c) How can the nodal resilience index for each node of a given WDN be 
calculated? 
(d) What is the relationship between the reliability and resilience index? 
(e) How sensitive are reliability and resilience to design parameters? 
Questions (a), (c), (d) and (e) regarding consumption nodes are answered  in Chapter 3 and 
questions (b), (d) and (e) regarding the network are answered in Chapter 4. 
The structure of this thesis is as follows: 
Chapter 2:  Literature review 
In the first part, after reviewing the main concepts of a WDN, including the function, key 
elements, hydraulic analysis, and main aspects of WDN design, the basics of reliability are 
explained. Then, the application of reliability for a WDN, and the safeguarding of the 
reliability of a WDN under uncertain nodal demands and pipe roughness coefficients, is 
explained. 
In the second part of the review, the deterministic approach of reliability evaluation in a 
WDN is reviewed. The resilience index as one of the most commonly used surrogate 
measures of reliability is explained. Then, the impact of the resilience index on the 
reliability of a WDN under uncertainty in demand and roughness is reviewed, based on up-
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to-date recent studies. Finally, the major shortcomings of the past studies are concluded 
based on findings from the literature. 
Chapter 3: Nodal reliability assessment 
MCS is applied to assess the nodal reliability of a WDN under given uncertainty in nodal 
demands and pipe roughness coefficient. The new term of the nodal resilience index is also 
introduced to investigate the relation between nodal reliability and nodal resilience index. 
The main sections of this chapter are: nodal reliability assessment; sensitivity analysis of 
nodal reliability; calculation of the nodal resilience index and its sensitivity analysis; and 
the relation between nodal reliability and the nodal resilience index.  The MCS is applied 
to assess nodal reliability under uncertainty in correlated and un-correlated nodal demands 
and pipe roughness.  
Chapter 4: Network reliability assessment 
The MCS is applied to assess the network reliability of WDN by treating the network as a 
series, or a parallel system, and to investigate the relation between network reliability and 
the resilience index under random nodal demands and random pipe roughness coefficients. 
After two measures of network reliability (by treating the WDN as a series or parallel 
system) are computed, the relation between the network reliability and given resilience 
index for the network is also investigated using both scenarios and regression analyses.  
Chapter 5: Case studies  
The two-loop network and Hanoi network, taken from the literature, are two examples of 
reliability assessment under random demands and random roughness coefficients. 
Different designs with various levels of resilience index are used for each example. Then 
nodal and network reliability, and the sensitivity of the reliability, are calculated under 
uncertainty in demand and roughness for one year of the WDN operation. Eventually, 
regression analysis is applied to investigate the relation between the reliability and 
resilience index using the calculated nodal and network reliability of different designs of 
each example. 
Chapter 6: Conclusion and further research, 
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In the final chapter, the whole research is summarized, and conclusions are presented, 
together with the prospective benefits for industry to be gained from the study. 
Recommendations for future research are then presented in the final stage of this thesis. 
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Chapter 2 
 
2. Literature Review 
 
 
2.1 Introduction 
Water distribution networks (WDNs) are built to supply water in urban areas. The main 
function of WDNs is to transfer high-quality water to meet the demand of different 
consumers. A WDN consists of transfer reservoirs and tanks, a network of interconnected 
pipes, pump stations and associated components, such as valves and fire hydrants.  
A water distribution network is an important part of the water supply system, as it 
contributes to nearly 70 percent of the total cost of the water supply system (Chandramouli 
and Malleswararao 2011). Because of the huge expenditure of water distribution networks 
and their critical role in supplying water, the reliability of WDNs has attracted much 
interest in recent decades. The reliability of a WDN is defined as the ability of a WDN to 
supply adequate water at sufficient head for all consumers under normal and abnormal 
conditions (Farmani, Walters et al. ).  
There are some uncertainties in design and operation of WDNs that may affect their 
reliability. These include uncertainties in the prediction of demands and the estimation of 
the pipe roughness coefficient. The inherent uncertainties in demands are due to some 
influential factors, such as climate change, population growth and life style, and 
uncertainties in roughness coefficients arise from corrosion, sediment etc. during the 
service life of the pipes. The uncertainties in demands and pipe roughness might result in 
the failure of a WDN at some stage during the service life and this could subsequently 
affect the reliability of the WDN.  
Therefore, assessment of the reliability of WDNs under uncertainty is an essential part in 
the design of reliable WDNs. This study focuses on reliability assessment of the WDN 
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under uncertainty of water demands and pipe roughness. In this chapter, the performance 
and reliability of a WDN under uncertain demands and roughness are discussed. Both 
probabilistic measures of reliability, and deterministic measures as surrogates of reliability, 
are reviewed. The major shortcomings in assessment of reliability are identified at the end.  
 In Section 2.2, the water distribution network in terms of its components, function, 
and performance, and the basics of hydraulic and hydraulic analysis of a WDN, are 
reviewed.  
 In Section 2.3, the procedure of WDN design is described.  
 In Section 2.4, the basics of the reliability problem, and the application of 
reliability theory in WDNs are reviewed; the different approaches of safeguarding 
the reliability of WDNs are then reviewed. 
 In Section 2.5, the probabilistic approach of reliability assessment of WDNs is 
described. 
 In Section 2.6, the deterministic approach of reliability evaluation of WDNs is 
explained, and the effect of the resilience index as a commonly applied 
deterministic measure on the reliability of WDNs is reviewed.  
 In Section 2.7, shortcomings of the deterministic approach of safeguarding the 
reliability of WDNs are evaluated.  
  Finally, in Section 2.8, the conclusion of the reviews is presented. 
2.2 Water Distribution Networks  
Drinking water is considered an essential need (Swamee and Sharma 2008). Water supply 
systems consist of different parts, such as reservoirs, transfer lines, treatment plants, and 
water distribution networks, as shown in Figure 2.1. The basic function of water supply 
systems is to obtain water from a source, transfer it to treat the water to an acceptable 
quality, and then distribute the desired quantity of the water to the end-users through the 
water distribution networks (Mays 1999).   
The purpose of water distribution networks is to deliver high quality water to the different 
consumers with sufficient quantity and standard requirements (Savic and Banyard 2011). 
In Australia, the requirements, such as pressure and flow, are often specified by a Water 
Agency. In the absence of such information, these requirements are provided in the Water 
Supply Code of Australia (WSA 2011) i.e., the desirable minimum pressure for residential 
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consumers is 200 kPa (20 m of water) (WSA 2011). The following sections describe the 
function, key components, performance and hydraulics of water distribution networks. 
2.2.1 Function of WDNs 
The main function of WDN is to supply clean water with sufficient pressure and flow rate  
for various consumers, such as residential, commercial, industrial, and public sectors of the 
society over spatially different areas and time-varying demands (Mays 1999). Key 
components of WDNs are networks of interconnected pipes, service reservoirs, and 
pumps, as shown in Figure 2.1. After collected water from natural resources has been 
treated, water with acceptable quality is transferred through large pipes to the service 
reservoirs (Savic and Banyard 2011). Then by means of potential (due to reservoirs 
elevation) energy at service reservoirs, or by means of pumps, the energy for the transfer 
and distribution of water is supplied, and water is transferred to the distribution network 
through large pipes. Then, water is distributed among consumers through smaller pipes 
(Savic and Banyard 2011). Water is distributed by means of gravity flow (due to the high 
elevation of service reservoirs), or pumps, or both. More recently, the function of WDNs is 
also to safely mix water coming from service reservoirs and other sources (e.g. 
desalination plants and wastewater treatment plants). The function of key components of 
WDNs is explained in the next section.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.1: Water Supply System ( adapted from (Savic and Banyard 2011)) 
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 Pipes  
Two main characteristics of pipes which need to be determined in WDN design are 
material and diameter. To determine the material for new water distribution networks, the 
following issues have to be considered (Savic and Banyard 2011): 
 The environment in which pipes are installed 
 The rate of water flow that a pipe has to carry, for both present and future 
operations of the WDN 
 The static and dynamic pressure that pipes should be able to tolerate. 
The designer has to consider the interaction of pipelines with the local environment to 
select the proper material for the structural safety of pipes. The main effects of the 
environment are ground movement and chemical or electrolytic reaction between the soil 
and the external wall of the pipe. Ground movement might arise from shrinkage and 
expansion of the ground due to changes in temperature and traffic loads. There is no 
unique solution for any conditions, but the designer needs to ensure that the selected 
product is able to tolerate the stress, otherwise failure will occur (Savic and Banyard 
2011). 
For hydraulic mechanics, each material has its own roughness coefficient C representing 
the degree of pipe roughness. The friction between the pipe and water flow will be 
increased due to increased roughness on the internal surface of the pipe. It is assumed to be 
independent from the discharge but it depends on the age of the pipe (Mays 1999). 
Therefore the value of the roughness coefficient C (unit less) depends on the material and 
age of the pipe. C is between 140 for new smooth pipes and 90 or 80 for old pipes, and the 
value of C for average age (neither new and nor old) of the pipe  is 100 (Mays 1999). The 
increase in pipe roughness is shown with a smaller value of pipe roughness coefficient C 
(Reehuis 2010).    
Traditionally, steel pipes were employed for high-pressure pipelines and hard 
environmental conditions, and plastic pipes were selected for lower-pressure applications, 
and areas like villages. However, improvements in plastic pipes, such as higher pressure 
toleration and continuous diameter have resulted in a greater range of plastic material 
usage in WDNs (Savic and Banyard 2011). The selected material for the pipe must be able 
to tolerate both static and dynamic pressures that the pipeline will encounter during its 
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operational service life. The static pressure usually occurs when the consumption is very 
low (i.e. midnight) and dynamic pressure arises from demands based on daily patterns.  
Water distribution networks consist of three main types of pipes made from various 
materials, such as steel, ductile iron and plastic. The large sizes (more than 300 mm 
diameter) are employed to transfer water from the treatment plant to the service reservoirs. 
Then there are distribution pipes, the diameters of which are smaller (greater than 80 mm 
diameter); these pipes transfer the water flow from the service reservoirs to the streets 
outside the consumers‟ properties, from which service pipes (from 15 mm to 50 mm 
diameter) provide connections to the properties (Savic and Banyard 2011). 
 Pumps 
Pumps supply the energy for transferring water from the service reservoir to the 
distribution pipes, and ensure that the required water demand is met at sufficient pressure. 
In fact, pumps add energy to the water to reach a static height and overcome the dissipated 
energy through the pipe network. The major dissipated energy within the network is due to 
friction between water flow and the pipes‟ walls, and minor energy loss, which also arises 
from pipe junctions, bends and valves (Savic and Banyard 2011). 
The efficiency of a pump is defined as the ratio of the power generated by the pump to the 
power given into the pump. The generated power by pump P is given by: 
P= ρ gQH                                                                                                                        (2.1) 
where ρ is the density of fluid, g is the acceleration due to gravity, Q is the volume flow 
rate and H is the head of the pump.  
 
 
 
 
 
 
 
 
 
Figure ‎2.2: Characteristic curves for a centrifugal pump (Savic and Banyard 2011) 
H
ea
d
-f
lo
w
, 
P
o
w
er
, 
an
d
 
E
ff
ic
ie
n
cy
 c
u
rv
es
 
Power curve 
Head-flow curve 
Efficiency curve 
Best Operating Point Discharge 
16 
 
The head which can be generated by the known pump depends on the flow rate and can be 
determined using a head-flow curve. The power needed to generate a specific head is also 
another important feature of pumps. In the Figure 2.2, head-flow curve and pump power 
efficiency are shown for a given pump. To select a pump for the WDN to supply a 
particular flow and head for the network, a pump that has its maximum efficiency is better 
to be chosen (Savic and Banyard 2011).  
For a design solution for a WDN, the head added to the network by a pump will be 
increased if the pipe friction increases due to larger discharge. The head-discharge curve 
for the design solution of a WDN is called the „network curve‟, as shown in Figure 2.3. 
The operating point is the point of intersection between the head-discharge curve of the 
pump and the network curve. The objective is to match the operating point and discharge 
related to the maximum efficiency of the pump as closely as possible to ensure a pump 
operates near to its highest efficiency.  
Different alternative design solutions can be defined for a WDN in which pipe sizes are 
different. Therefore, system could have some head-discharge curves for different 
alternative designs; two alternative options –1 and 2 – can be seen for a WDN in Figure 
2.3. Option 1 is closer to the flow related to the highest efficiency. Then, between different 
alternatives which have the same efficiency in the pump, the option which has the smallest 
cost (summation of capital and operational cost for the pipe network and pumps) will be 
selected (Savic and Banyard 2011). 
 
 
 
 
 
 
 
 
 
 
Figure ‎2.3: Pump Characteristics and system curve [5] 
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 Service Reservoirs 
Service reservoirs have two main functions – storage for contingency and balancing. A 
portion of the water in service reservoirs is held back to deal with emergency events such 
as fires and component failures, and another portion of the volume in a service reservoir is 
assigned to balancing the fluctuation in demand of the network during daily usage (Savic 
and Banyard 2011). 
The estimation of the volume required for contingency handling is not straightforward, and 
it depends largely on the specific situations of the system. Influences on the overall amount 
of storage could include: risk factors; any available alternative sources (service reservoirs) 
from which some water could potentially be supplied for the network; any capacity for 
standby power generation; the re-strengthening and maintenance of major pipes; 
monitoring and operational control devices, etc. (Savic and Banyard 2011). 
As well as providing additional storage, another function of service reservoirs is balancing 
the fluctuation of demand during the day. In times of peak usage during the day (i.e. 7-8 
am in the morning), the water demand of the network is higher than the average hourly 
demand estimated for the network; thus, shortage of supply will occur. In contrast, when 
demand is significantly less than the average hourly demand estimated for WDN (i.e. 
during mid-nights), wastage of energy and water happens. Therefore, a volume is needed 
in the reservoir to hold the surplus flow during low usage, and storage of water is needed 
to supply shortfalls during high usage. Therefore, the volume of the reservoir for balancing 
the fluctuation in demand can be calculated as the summation of the cumulative surplus 
(i.e., during the night), plus the cumulative shortfall (i.e., during the peak hours) which 
cannot be supplied by the cumulative surplus(Savic and Banyard 2011).  
Balancing the hourly fluctuations also has advantages for the efficient operation of pumps. 
If any storage is available, the capacity of the pumps will be reduced because the pumps do 
not need to track the daily pattern rate. Therefore, the pumps might be sized for average 
hourly demand, whereas the distribution network is sized for maximum hourly 
consumption. Also pumps could be optimized to result in a cheaper operation in periods in 
which electricity is cheaper. (Savic and Banyard 2011) 
The service reservoirs are commonly located on high-elevated ground compared with the 
pipe network, and in the centre of the system to provide adequate pressure. The central 
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location of the reservoir avoids pressure wastage at areas close to the reservoir and 
shortage of pressure in more distant areas. Economic and technical factors are also other 
factors that determine the location of a service reservoir among various potential locations. 
Service reservoirs which are usually rectangular are made up of concrete and sometimes of 
steel (Savic and Banyard 2011). 
2.2.2 Performance of WDNs 
Adequacy, reliability and efficiency are three main performance criteria for a WDN: 
„adequacy‟ means the delivery of an acceptable quantity and quality of water to the 
customers; „reliability‟ measures the ability of the WDN to consistently supply the 
acceptable quantity and quality of water demands; and „efficiency‟ measures how well 
water and energy are utilised to produce the service for the costumers. To measure the 
performance of a WDN, performance indicators (PIs) should be well-defined and 
measured (Savic and Banyard 2011): 
Indicators of adequacy are pressure, flow, water quality, and indicators of efficiency are 
leakage, metering and the efficiency of the pumps. The indicator of reliability, which is 
focus of this study, is interruption to service in providing the requirements of pressure and 
flow.  (Savic and Banyard 2011). 
To evaluate adequacy, the number of customers supplied with water at a pressure lower 
than the required level can be measured (Savic and Banyard 2011). The hydraulic analysis 
to measure pressure and flow is explained in detail in Section 2.2.3. The reliability of a 
WDN under uncertainties, which is the focus of this study, is reviewed in Sections 2.4 to 
2.6. 
The first measure of efficiency is the trade-off between the benefits of reducing leakage 
and the cost of finding leakages and fixing pipes. A leakage within the pipe network is a 
major waste of water, but reducing leakage costs. Secondly, there are usually different 
options for the combination of pumps and size of pipes selected for the network. The 
larger pipes reduce dissipated energy within the network and so a smaller capacity of 
pump is needed; smaller pipes increase energy loss, therefore a pump with higher capacity 
will be required. Therefore, a trade-off between the cost of pumps and cost of pipes has to 
be considered. Finally, inaccurate customer metering devices can reduce the efficient 
operation of a WDN (Savic and Banyard 2011). 
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2.2.3 Hydraulics of WDNs 
This section provides a review of the hydraulics of WDNs. The basics of water fluid, and 
laws governing pressurised flows, are described in the first part. Then a hydraulics analysis 
of a WDN and the methodology employed to solve the hydraulic equations of a WDN are 
described in the second part.  
 Basics of Fluid Mechanics 
- Viscosity 
Viscosity is the measure of the resistance of a fluid against shear deformation. For 
example, water has a low viscosity and honey has a high viscosity (Swamee and Sharma 
2008). In fact, any fluid acts like a set of layers with relative motion between them to resist 
the motion of immersed objects through them. The velocity of a fluid flowing between two 
fixed plates varies from zero at the layer next to the plates to a maximum value along the 
centreline (Savic and Banyard 2011). The viscosity (called „dynamic viscosity‟) is the ratio 
of the shear stress to the velocity gradient in the fluid, and is given as (Savic and Banyard 
2011): 
τ=μ(dυ/dy)                                                                                                                        (2.2) 
Where τ is the shear stress (M/L/T2) and μ is the absolute (dynamic) viscosity (M/L/T) and               
dυ/dy is the gradient of velocity perpendicular to the direction of shear (1/T). In an SI 
system, the unit of dynamic viscosity is N s/m
2
, Pa s or Kg/m s. 
Kinematic viscosity ν as another measure of fluid viscosity is defined as the ratio of the 
dynamic viscosity to the density of the fluid ρ (Savic and Banyard 2011). 
ν=μ/ρ                                                                                                                               (2.3) 
In the SI system, the unit of ν is m
2
/s.  
Since the viscosity of a fluid significantly depends on temperature, the temperature at 
which viscosity is measured needs to be stated (Savic and Banyard 2011). 
- Flow Type 
Three types of flow might occur in a pipe; uniform, steady and unsteady flows (Savic and 
Banyard 2011). A uniform flow is the flow with constant rate over time and fixed velocity; 
for example, if a flow moving through a pipe and filling the entire section of the pipe has a 
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fixed velocity at all cross-sections of the pipes, it is called a „uniform flow‟. A steady flow 
is a flow with constant rate over time but varying velocity; for instance, if the velocity of 
the flow varies due to variations in the cross-section of the pipes i.e. when two pipes of 
different sizes are connected together, and the flow rate does not change over time, the 
flow is called „steady‟.  
The relation between the velocity of flow at any cross section with the area A (m
2
) and the 
ratio of water flowing per unit of time Q (m
3
/s) is: 
V=Q/A=4Q/πD2,   for a circular pipe with diameter of D                                               (2.4) 
Finally, if the amount of discharge varies over time (both cross-section and velocity vary 
over time), the flow is called „unsteady‟. An example of unsteady flow is a situation in 
which a pump or valve has been suddenly stopped or closed (Savic and Banyard 2011). 
- Flow Regime 
There are three types of regime for fluid flow: laminar, transitional flow and turbulent. The 
criteria to distinguish flow regime are: the dimensionless parameter of Reynolds number 
(Re) depending on pipe diameter  D, the density of the liquid ρ, its dynamic viscosity μ, 
and velocity of flow μ , thus (Savic and Banyard 2011): 
Re=ρVD/μ                                                                                                                        (2.5) 
Generally, water flow in pipes is laminar if Re<2000, it is turbulent if Re> 4000, and 
transitional flow occurs if 2000<Re<4000 (Savic and Banyard 2011). 
- Law of Mass Conservation  
The law of mass conservation or continuity of mass states that mass can be neither created 
nor destroyed. Applying this law for a steady flow moving through a controlled volume 
(where the stored mass m does not change), as shown in Figure 2.4 results in (Savic and 
Banyard 2011) m1 = m2; that is, the mass entering m1 the control volume is equal to the 
mass existing m2 from the control volume. Therefore (Savic and Banyard 2011): 
Q1=Q2  or  V1A1=V2A2                                                                                                                                                 (2.6) 
Equation 2.6 is called the „continuity equation‟. 
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Figure ‎2.4:  Control volume [5] 
- Law of Energy Conservation  
The energy E of water in pipes usually consists of three forms of energy: potential energy, 
kinetic energy, and pressure energy as (Savic and Banyard 2011): 
If W is the weight of liquid at a height of Z, the potential energy is: 
Potential energy=WZ                                                                                                      (2.7) 
The energy related to pressure arises from the internal force of the fluid exerted on the pipe 
wall; therefore, the flow can do work when travelling through a distance of L. If force due 
to pressure p on the cross-sectional area A is pA, then work or energy related to pressure 
is: 
Pressure energy= p AL                                                                                                   (2.8) 
If the volume of fluid AL is shown as W/ρg in which ρ is density of water, the energy due 
to pressure can also be written as: 
Pressure energy = p W/ρg                                                                                              (2.9) 
The kinetic energy is produced by a liquid which has velocity V and weight W:  
Kinetic energy = (1/2) (W/g) (V
2
)                                                                                 (2.10) 
It is typical to express all energy forms of fluids in terms of energy per unit of fluid weight, 
called „head‟, and thus, meters of fluid column becomes the unit of fluid energy per unit 
weight. Fluid energy commonly means energy per unit weight of fluid, unless otherwise 
specified. By the summation of three forms of energy, the total energy per unit of weight is 
obtained. The law of energy conservation states that the total energy of fluid is constant 
between any two points if no energy is added or lost. The energy equation, which is called 
Bernoulli equation, is as follows: 
A1 
A2 
V1 
V2 
A1 
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E = Z+ p /ρ g+ (V
2
/2g) = constant                                                                               (2.11) 
For one-dimensional, steady and ideal fluids– meaning that there is no friction – the total 
energy arising from elevation, pressure and velocity is constant between any two cross-
sections of a pipe. However, in real conditions, there are energy losses due to friction or 
added energy from pumping. Therefore, the law of energy conservation of energy states 
that the difference in energy between two points (ΔE) is equal to the algebraic summation 
of the energy loss        and the energy added        to the flow between the points. 
     
 
   
+     
 
   
=ΔE                                                                                             (2.12) 
Therefore, the law of energy conservation between any two points can be written as:   
Z1+ p1 /ρ g+ (V1 
2
/2g) + hp= Z2+ p2 /ρ g+ (V2 
2
/2g) +hf                                              (2.13) 
where hf is energy head loss, and hp is energy added by the pump. The term V2/2g is often 
negligible because velocity is rarely above 1-2 m/s, therefore the velocity head is very 
small compared with other terms of head. 
 Hydraulic Analysis of WDNs 
- Head Loss in Pipes 
There are two causes for head loss in WDNs. The major energy loss is due to friction 
between the flow and the internal wall of the pipe, and minor loss is due to friction 
between flow and other components such as valves, bends and junctions (Corte and 
Sorensen 2013). Since major losses are often dominant in WDNs, it is commonly 
considered and minor head loss can be neglected (Savic and Banyard 2011).  
Hazen-Williams and Darcy-Weisbach are the two most commonly used formulae for 
calculating head loss in pipes (Mays 1999). The Darcy-Weisbach formula, which is based 
on the analytical solution of Reynolds number, equivalent sand roughness and dynamic 
viscosity, is rational, dimensionally homogeneous, and applicable to other fluids as well as 
to water. The Hazen-Williams formula is empirical and thus is not dimensionally 
homogeneous, and its range of applicability is limited. Both the Darcy-Weisbach and 
Hazen-Williams friction equations are expressed in terms of flow of pipes Q and a general 
factor R, consisting of features of the pipe, expressed as RQ
n
. R is the resistance 
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coefficient of the pipe flow and n is the exponent of the head loss equation. For the Darcy–
Weisbach formula,  
R= 0.8106 k LP /(g Dp
 5
), and n=2                                                                               (2.14a) 
and for the Hazen-Williams,  
R= 10.67 LP /( Cp
 1.852
 Dp
 4.87
), and n=1.852                                                               (2.14b) 
Where Cp is the Hazen-Williams roughness coefficient (unit less), k is the non-dimensional 
friction factor, LP is the pipe length (m), Qi is the rate of water flow in the pipe i (m
3
/s) and 
Dp is the pipe diameter (m). 
The Hazen-Williams formula is often used in research studies in the field of WDN design 
as follows (Corte and Sorensen 2013): 
hf,i = hj,2– hj,1= 10.67 (Qi 
1.852
 LP) /( Cp
 1.852
 Dp
 4.87
)                                                     (2.14c) 
where head hj,1 and hj,2 are the head at node j1 and j2, and hf,i is the head loss between two 
nodes, respectively.  
- Steady Flow Analysis in Networks 
Since WDNs are very complex systems consisting of a large number of different 
components, such as pipes, valves, pumps, reservoirs, etc., computer simulation is 
unavoidable for analysing their hydraulic behaviour. To calculate pipe flows and nodal 
heads, two sets of hydraulic equations – continuity Equation 2.6 and energy equations – 
must be solved for each node and each pipe of the network (or can be written for each loop 
of the network) using hydraulic simulation software (Savic and Banyard 2011). 
The first set of equations which must be satisfied for all nodes of the network is as follow: 
         
 
   -            
 
   = qj                                                                              (2.15) 
where Qi, input is the flow entering into the node j, Qi output is the flow existing from the 
node j, qj is water consumption at node j, and n is the number of nodes of the network. 
The second set of equations which must be satisfied for each closed loop within the 
network states that the sum of head loss of pipes within a closed loop must be zero as 
(Corte and Sorensen 2013). 
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   =0                                                                                                       (2.16) 
where      is the head loss within the pipe i, which can be obtained using Equation 2.14c, 
and m is the number of pipes of loop L. 
There are n + m equations from n continuity Equation 2.15 and m energy Equation 2.16, 
and there are n + m unknown variables from n unknown nodal heads hj and m unknown 
flow pipes Qi. Therefore, unknown variables can be obtained by solving the equations.  
There are some methods, such as Hardy-Cross, Newton-Raphson, Linear theory or 
Gradient- based method for solving a set of non-linear Equation 2.16 and linear Equation 
2.15. The gradient method is more robust compared with other methods (Mays 1999) and 
solves the Equations 2.16 and 2.15 in an iterative procedure by linearizing the energy 
equation. Gradient method is applied in many software packages currently used as 
commercial and free software (Savic and Banyard 2011). EPANET as the most commonly 
applied hydraulic equation solver in research studies employs the gradient method to solve 
hydraulic Equations 2.15 and 2.16 and calculate the pipe flows and nodal heads (Corte and 
Sorensen 2013). 
- Demand-Driven Versus Head-Driven Analysis 
Demand-driven analysis (DDA) determines the head at the nodes and the flow in the pipes 
that correspond to the defined nodal demands based on one assumption –– that demands 
are fully satisfied regardless of how much head is met at the nodes. Demand-driven 
analysis is included in most commercial water distribution analysis software packages, 
such as EPANET. Such software assigns fixed demands to the nodes and assumes the 
predefined demands are fully satisfied for all possible values of nodal heads (Savic and 
Banyard 2011). 
However, investigation on the dependency between the nodal head and nodal demand 
reveals that delivery of specific nodal demand actually depends on the residual head at the 
node, the sufficient head is necessary for full delivery of the demand for the node. The 
head needed to fully satisfy demand at the node is called „minimum required head‟. If the 
head becomes lower than the minimum required head, a fraction of the demand will be 
supplied, and if the head is below head zero, no demand can be supplied. The head zero is 
the head below which no demand can be delivered. 
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Therefore, DDA is correct only for nodal heads higher than the minimum required head. If 
the head drops below the minimum requirement, the DDA does not give real results for 
computed nodal heads and flow rates. Head-driven analysis (HDA) is needed to correctly 
calculate actual flows at nodes and pipes if the nodal head drops below the minimum 
required level essential to fully supply predefined demands (Savic and Banyard 2011). 
The gradient method can be extended to perform HDA by either adopting a head-demand 
relationship, as shown in Equations 2.17, or performing an iterative analysis to determine 
the flow at the nodes as a function of head (Savic and Banyard 2011). 
 
q =       d                                           for h >h min                                                          (2.17a) 
            d ((h- h0) / ( h min- h0))
0.5
     for h0 <h <h min                                                                       (2.17b) 
                 0                                            for h <h0                                                              (2.17c)                                     
where q= the actual flow at a node  
d = the pre-defined demand at a node 
h = the actual head at node 
hmin = the minimum head required to supply the full demand    
h0 = the minimum head below which no outflow is possible  
2.3 Design of WDN  
The purpose of a WDN is to supply various consumers with acceptable quality water in 
adequate quantity and of sufficient head at any time. Therefore, the objective of water 
distribution network design (WDND) is to meet demand and pressure with the minimum 
cost during the operational service life of a WDN.    
2.3.1 Procedure of Design 
There are 4 phases of decision-making in a WDN design, as follows (Corte and Sorensen 
2013): 
 Layout phase: the structure of the network is defined and the place of different 
components of the network is determined. 
 Design phase: diameter and material of pipes, pump types and many other features 
of WDN are chosen. 
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 Programming phase: The socio-economic criteria aiming to set up a priority order 
for different water users which should be serviced by the WDN is then determined. 
 The planning phase: all decisions concerning the functioning of valves and level of 
pumps to ensure sufficient supply at all nodes of the network are made on a daily 
basis.  
In the design phase, the layout and physical parameters of the network are already known. 
Therefore, the location of pipes and their length, place of reservoirs, also topography of the 
network assigned through the elevation to each node are known. In the design phase, the 
design parameters, including water nodal demands and pipes roughness, are known as well 
(Corte and Sorensen 2013). 
The aim of design procedure is to select the values for design variables, like pipe diameters 
and pumps that can supply predefined nodal demands with sufficient head at the lowest 
installation and operation cost (Corte and Sorensen 2013). Therefore, the objective 
function of the design is the minimization of the cost of the network, while there are some 
hydraulic constraints that a WDN needs to meet. The variables, parameters and constraints 
of WDN design are explained in the following sections, and then the formulation of the 
WDND problem is explained. 
2.3.2 Parameters and Variables of WDN Design  
The physical parameters of WDN design are as follows: the number of pipes in the 
network m, the number of reservoir nodes in the network r, the number of nodes in the 
network n, the length of pipe Li, the elevation of node j as Zj, nodal demands dj, and 
reservoir node k.  
Any quantity or choice under the control of the designer is a design variable (Savic and 
Banyard 2011). There are two sets of variables that need to be determined in the design of 
a WDN (Savic and Banyard 2011). They are decision variables (design variables) and state 
variables. Design variables are pipe diameter and pump type, and state variables are nodal 
heads and water pipe flows (Swamee and Sharma 2008). Table 2.1 express typical 
variables of WDN design along with design parameters. 
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 Water Demand  
The future predicted development for which a water network is designed should be 
accounted to estimate water demands for the future (WSA 2011). Demand is often 
estimated for 20-40 years ahead (Savic and Banyard 2011). 
- Per Capita Consumption 
The main components of water demand in urban WDNs are related to domestic or 
residential users. Residential demand consists of in-house usage, such as kitchen, 
bathroom, toilet, laundry, etc. and external usage, like gardening (Swamee and Sharma 
2008). Other consumers of water demand in an urban WDN are commercial, industrial and 
public sectors such as parks, schools, etc. (Mays 1999). 
Table ‎2.1: Design parameters and decision variables 
Decision variables 
design variables state variables 
diameter for new pipe i as di Nodal head hj   
head of pump j  as Hp,j water flow in pipe i  as Qi 
Design parameters 
Nodal demand qi 
Pipe roughness coefficient Ci 
number of pipes in the network m 
number of reservoir nodes in the network r 
number of nodes in the network n 
length of pipes as Li 
elevation of node j as Zj 
nodal demands dj  
reservoir node k 
 
The total water demand is typically estimated based on per capita consumption, which is 
water consumption for each person per day. Per capita consumption depends on 
geographic location, climate, extent of industrialization, and size of the community (Mays 
1999), as well as standard of living, extent of sewerage system, water pricing, water 
quality for domestic and industrial purposes, system management (Swamee and Sharma 
2008) or even behaviour of users due to their attributions (Savic and Banyard 2011), and 
other influencing factors unique to each community. 
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Therefore each community needs to be specifically and separately studied to estimate 
future water demands. The characteristics of existing water use should be determined for 
the community, and then water demands can be projected based on forecasted growth in 
population during the operational period (Mays 1999).  
- Peak Coefficients 
Water demand changes during seasons, days of the week and hours of the day (Mays 
1999). Generally, domestic demand increases over the year in the warmer weather and 
seasons; also demand has a peak in the mornings and evenings during working days, while 
demand is lower during weekends and vacation periods (Savic and Banyard 2011). 
The diurnal demand curve that shows variation in water demand over a  24-hour daily 
cycle is unique for each city and influenced by climatic conditions, economic development 
(Swamee and Sharma 2008) and the size of the city. The peak of hourly demand depends 
on land use. The high peaks of hourly demand dominantly belong to the residential areas, 
whereas the peak factors in industrial areas are relatively low (Swamee and Sharma 2008). 
Variations in daily and hourly water consumption are usually described in terms of ratios 
of maximum demand to average demand. These ratios are called peak coefficients (Mays 
1999): maximum daily peak factor and maximum hourly peak factor. Generally, there are 
local guidelines by water agencies which determine suitable peak coefficients; however, 
designers still have to choose suitable peak factors based on their experience (Swamee and 
Sharma 2008) of the actual consumption data of each individual community (Mays 1999). 
Table 2.2 shows typical peaking coefficients (Mays 1999): 
Table ‎2.2: Typical peaking coefficient 
Peak coefficients Common range 
Maximum daily peak factor (Maximum day: average day) 1.8 - 2.8: 1 
Maximum hourly peak factor (peak hour: average hour) 2.5 - 4.0: 1 
 
There are many operational scenarios for a WDN due to annual and diurnal patterns of 
water demand (Mays 1999). To evaluate an existing WDN, or design a new WDN, the 
performance of the network is typically evaluated under two scenarios. The first scenario 
is peak hour demand, and the second one is maximum day demand plus fire flow (Mays 
1999). Evaluation of a WDN for maximum hourly demand is in fact the evaluation of the 
most critical scenario that a WDN will encounter during the day. Analysing the 
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performance of a WDN under fire flows at different locations for the maximum daily 
demand could determine deficiencies in the system. Although it is possible that fires occur 
at maximum peak hour, the probability of this simultaneous occurrence is rare compared 
with fire occurring during maximum day demand (Mays 1999). 
Maximum daily water demand is also required to determine the volume of resources of 
supply as well as to evaluate the performance of the network during fires. Also maximum 
hourly demand over a 24-hour period is required to determine the volume of balancing 
storage as well as to design the WDN. 
Maximum daily water demand over a 12-month period can be obtained, as follows 
(Swamee and Sharma 2008): 
Maximum daily demand = Average day demand * Peak day factor                       (2.18)    
Peak day factor over 12 months can be obtained from the information of the current 
demand pattern (Mays 1999), 
and maximum hourly demand over a 24-hour period can be calculated as follows (Swamee 
and Sharma 2008): 
Maximum hourly demand=Average hour demand (on maximum day) * Peak hour 
factor                                                                                                                             (2.19)    
Peak hour factor can also be obtained from information of current demand patterns (Mays 
1999). 
Then using per capita consumption, maximum daily demand and maximum hourly 
demand, the value of demand at each consumption of node is calculated based on the size 
of the population that has to be serviced by each pipe connected to the node. Usually, the 
worst scenario of a diurnal pattern of consumption – the peak hour loads – is applied to 
design a WDN, therefore per capita consumption is multiplied at peak daily and hourly 
factors. Then it is multiplied by the number of residents or other users who withdraw water 
from the node, in order to calculate the nodal demand. 
Finally, the changes in estimated nodal demands of a WDN can be projected during the 
operational period i.e., a 30-year period, using following geometrical growth equation 
(Seifollahi-Aghmiuni, Haddad et al. 2013): 
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qj 
t
 = Exp (Ln q
0
 +Kgt),  t=0,1, …, 30                                                                            (2.20)                                                                                                                                                                                                                                                                                          
where qj 
t
 (m
3
/h) is the value of demand at node j as a deterministic variable in year t , q
0 
is  
value of the demand at node  j at year zero (m
3
/h), and Kg is the geometrical growth rate 
during the time (m
3
/h/year). 
 Pipe Roughness 
The hydraulic capacity of a WDN can be reduced due to the gradual corrosion in pipes and 
to deposition, etc. (Xu and Goulter ). The roughness coefficient of new pipes is 
determined by the manufacturer of the pipes; however, a pipe‟s roughness increases during 
its service life due to corrosion, sediment, etc. Therefore, the Hazen-William roughness 
coefficient is a function of the age of the pipe (Seifollahi-Aghmiuni, Haddad et al. 2013), 
and, as already mentioned, increase in the roughness of the pipe wall causes a decrease in 
the H-W roughness coefficient C in Equation 2.14c (Reehuis 2010).  
To estimate the deterministic changes of the future roughness coefficient during 
operational years, there are some deterministic formulas, such as Equation 2.21 
(Seifollahi-Aghmiuni, Haddad et al. 2013): 
Ci 
t
 = 18-37.2 Log (t ai 
t
) +  e 0i 
t
  /Di    , t=0,1, …, 30                                                    (2.21) 
where Ci 
t
 is H-W roughness coefficient in pipe i at year t, Di is diameter of pipe i (mm), ai 
t
 is annual growth rate of roughness in pipe i at year t (year
-1
), calculated by using 
Equation 2.23, and e0i 
t
 is initial roughness of pipe i at year t (mm), calculated by using 
Equation 2.22: 
Log (e0i 
t
 / Di) = (Ci 
t-1
 - 18)/ -37.2,     t=0,1, …, 30                                                       (2.22) 
ai 
t
 = ((Di / 50) ×10 ^ (Ci 
t-1 
-36) /-74.4
 
) - (e0i 
t
 /50) ,   t=0,1, …, 30                              (2.23) 
Design variables and state variables are determined using different procedures. The design 
variables, including the diameter of the pipe and the pump‟s head are chosen from a set of 
commercially available pipes and pumps so that nodal demand can be supplied subject to 
the constraints of the WDN, explained as follows: The state variables as nodal heads and 
pipe flows can be obtained by solving Equations 2.14 and 2.15 for all pipes and nodes of 
the network, as already explained. The design constraints, along with the procedure of 
WDN design for choosing design variables, are explained in the following sections. 
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2.3.3 Formulation of Design 
The design problem of the WDN can be generally formulated as follows: 
 Min 
                                  
 
                                  
                                                             (2.24)    
Constraints 
                
 
                
                                                                                (2.25)    
where f is objective function, g is constraint function, G is constraint constant and 
„variables‟ include design and state variables and design parameters as summarized in 
Table 2.2. In traditional design of WDN, single objective function is often adopted to 
minimise the total cost of WDN. Usually cost is the function of expenditure on pipes 
(Corte and Sorensen 2013) because pipes contribute the significant proportion of the total 
cost of the network. 
The cost function for the pipelines Cpl is as (Swamee and Sharma 2008): 
Cpl=Σk*L*D
m
                                                                                                                 (2.26) 
where k is a coefficient and m is an exponent, D and L are length and diameter of pipe. 
Then the cost objective in Equation 2.26 has to be minimized subject to some constraints. 
A constraint is a condition that must be satisfied in order to have a feasible design. 
Feasibility of design of a WDN means that requirements such as nodal pressure are met, 
and mass and energy conservation laws are satisfied in all components of the WDN. The 
constraints of WDN design include safety constraints and system constraints.  
Safety constraints include minimum and maximum pressure at each demand node, and 
maximum velocity of water flow within each pipe (Swamee and Sharma 2008). The 
minimum pressure is specified to provide sufficient pressure for projected demands to be 
fully supplied, and maximum level of pressure is imposed to reduce the risk of damage to 
appliances and reduce waste of water due to leakage from the network (WSA 2011). 
Minimum and maximum allowable pressure for residential, commercial and industrial 
applications in Australia is 6-15 m and 60 m head, respectively (WSA 2011). To avoid 
uneconomical head loss, the maximum velocity should be 2 m/s, and the minimum 
velocity should be assessed for maintaining water quality based on water agency 
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requirements; typically, the optimum velocity is in the range of 0.8 m/s to 1.4 m/s (WSA 
2011). Another safety constraint is that the diameter selected for new pipes has to be 
greater than a minimum diameter because of practical considerations. The value of the 
minimum diameter depends on material, operating pressure, and the size of the city, but 
usually the diameter of the smallest pipes should be greater than 90 (mm) (Savic and 
Banyard 2011). 
The system constraints are the mass conservation law, which must be satisfied at all nodes 
of the network, and the energy conservation law, which must be satisfied for all pipes of 
the network. These constraints were discussed in detail in Section 2.2.3, using Equations 
2.15 and 2.16. Therefore, the following constraints must be met for a WDN: 
a) The law of mass conservation – Equation 2.15 – must be satisfied for each node, and, 
the law of energy conservative – Equation 2.16 – must be satisfied for any closed loop. 
(the algebra summation of energy within a closed loop must be zero by starting from a 
node and finishing at the same node (Corte and Sorensen 2013)). 
b) The pressure at each node must be equal or greater than the minimum required pressure, 
and lower than the maximum prescribed pressure. If pj ,pmin and pmax represent pressure at 
node j, the required minimum and maximum pressures, respectively, Equation 2.27 must 
be satisfied for all nodes of the network (Corte and Sorensen 2013), (WSA 2011). 
 pmin≤pj≤pmax                                                                                                                                                                           (2.27) 
In recent years, minimum and maximum velocity have also been included as additional 
requirements of the optimization problem (Corte and Sorensen 2013). If Vi ,Vmin and Vmax 
represent velocity at pipe i the minimum and maximum velocities, respectively – the 
following equation has to be satisfied for all pipes in the network. 
Vmin≤Vi≤Vmax                                                                                                                  (2.28) 
Vj=4Qi/πDi
                                                                                                                                                                                 
(2.29) 
where minimum and maximum velocity (Vmin and Vmax) are determined by water 
guidelines. 
The objective function shown in Equation 2.26 and head loss relationship shown in 
Equation 2.14 are non-linear equations. In addition, pipes are manufactured in a set of 
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discrete-sized diameters that are not continuous. Therefore, the optimization of WDND is 
a non-linear problem with constraints (Savic and Walters 1997). There are two different 
methods for solving the WDN optimization problem. They are the gradient method and the 
meta-heuristic methods (e.g. the genetic algorithm) (Corte and Sorensen 2013). The former 
is often trapped in the local optimal, while the latter could approach the global optimal for 
WDN design (Corte and Sorensen 2013). 
 Extended Period of Steady Flow 
A water distribution system is in steady flow state when a nodal demand is constant, and 
therefore the flow in all pipes and the head at all nodes do not vary over time. In reality, 
demands vary continuously with time as has been widely explained above. However, it is 
common in the design practice of WDNs to assume that nodal demands are constant in 
each period of time i.e. 1 hour. This assumption in the analysis of a WDN is called 
„extended period simulation‟ (EPS).  
2.4 Basics of Reliability 
In this section, the basic concept of reliability including the problem of reliability, methods 
of reliability assessment, and finally, the reliability of systems are reviewed, and then the 
application of reliability for a WDN is also reviewed.  
2.4.1 Reliability Problem 
The performance of any engineering system can be expressed in terms of load and 
resistance (Tolson, Maier et al. 2004) because the response of an engineering system to 
loads depends on the characteristics of the loads and the strength of the system. Whether 
the response is satisfactory or unsatisfactory depends on the requirements which must be 
satisfied for the system. Each requirement can be named as a “limit state”, and violation of 
a limit state causes the undesirable condition called „failure‟ (Melchers 1999).  
The study of safety is concerned with the violation of a limit state and the study of 
reliability is concerned with the calculation and prediction of the probability of the 
violation of a limit state for an engineering system at different stages of its life service 
(Melchers 1999). 
As an example, a structural engineering element can be considered. If R is to be the 
resistance of the element and S is to be the effect of the load on that, the element fails 
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when its resistance R is less than the stress S. Therefore the requirement which must be 
satisfied during all stages of service life is R ≥ S. Therefore the “limit state” is R – S = 0, 
and the limit state will be violated and the element will fail if R < S.  
It is possible to determine a probability density function fR for R and fS for S, and then 
calculate the probability of the failure of a limit state during the service life. When time is 
considered, a limit state will be violated at any time t if: 
R(t) – S(t) < 0                                                                                                                 (2.30) 
 
 
  
 
 
 
 
Figure ‎2.5: Schematic time-dependent reliability problem (Melchers 1999)  
Therefore, the general problem of reliability can be represented, as shown in Figure 2.5. 
The basic reliability problem considers time independent load and resistance and the effect 
of time can be investigated in a time-dependent reliability problem (Melchers 1999). 
As already mentioned, a structural element is considered to have failed if its resistance R is 
less than the load effect S acting on it; therefore, the probability of failure of the structural 
element can be stated in any of the following ways: 
Pf= P (R ≤ S)                                                                                                               (2.31a) 
  = P(R-S≤0)                                                                                                                (2.31b) 
  =P[G(R,S)≤0]                                                                                                            (2.31c) 
where G(R,S) is “limit state function” which is usually built based on the physics of the 
problem. And the probability of failure P is the probability of limit state violation.  
t 
S(t) 
R,S 
fR (r at t=tb) 
 
fR (r at t=ta) 
 
fS (S at t=tb) 
 
ta tb 
fS (S at t=ta) 
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In general, loads and resistance of many systems depend on many random variables.  
If X represents the vector of all random variables involved in the problem, G(R,S) is the 
function expressing the limit state. G(R,S) =0 is the boundary between the satisfactory 
G(R,S) >0 and unsatisfactory G(R,S) <0 domain (Melchers 1999). Therefore, the 
generalization of Equation 2.32 becomes: 
Pf = P (G(R,S)  ≤0) = ∫… ∫G(R,S)<0   f X  (X) dx                                                                (2.32)                                       
where f X (X) is the joint probability density function for the n-dimensional vector X of 
random variables, and the region of G(R,S) donates the space of failure of the limit space. 
If fR determines a probability density function for R and fQ  for Q f R , and f RQ   is their joint 
density function, the Equation 2.32 can be written as: 
Pf= P(R-Q≤0) = ∫ ∫D   f RQ  (r,q) dr dq                                                                             (2.33)                                                                
2.4.2 Methods of Reliability Assessment  
The integration of Equation 2.33 can be analytically solved for rare cases; however, there 
are two dominant ways to solve this integration – numerical treatment and simplification 
(Melchers 1999). The first-order reliability method (FORM) can approximately determine 
the probability of failure by simplification of Equation 2.33. By transforming f X (X) to a 
multi-normal probability density function and using some remarkable properties which are 
applied in the determination of Pf, FORM solves complicated integration in generalized 
reliability formula (Melchers 1999). The Monte Carlo simulation (MCS) method can 
approximate the multidimensional integration in Equation 2.33 by numerical 
approximation (Melchers 1999). 
 First Order Reliability Method (FORM)  
The essence of this method is the simplification of the integration of Equation 2.33 to 
release it from intractable integration. To simplify Equation 2.33, two assumptions have to 
be considered as follows (Melchers 1999).   
1) If R and Q  are independent in Equation 2.31, then Equation 2.33 can be written as 
Pf = P(R-Q≤0) =∫
+∞
-∞∫
q>r
-∞fR(r) fQ(q) dr dq = ∫
+∞
-∞ FR(x) fQ (x) dx                                (2.34)                                                                
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where cumulative function of   FR (x) is   probability of R ≤x. By considering all possible 
values of x, and taking integration over all x, the total failure probability can be obtained.  
2) The basic assumption is that both R and Q are normal variables with the first two 
known moments, 
When both random variables of the limit state function are normal random variables and 
can be expressed by the first two moments (mean and variance), the safety margin of  
Z=R-Q has a mean and variance of 
μ z   =  μ R +  μ Q                                                                                                             (2.35) 
And       
σ2 z = σ
2
 R + σ
2
 Q                                                                                                                                                                    (2.36) 
And Pf can be calculated by 
Pf =P(R-Q<0)=P(Z<0) = Φ ((0- μ z)/ σz)                                                                       (2.37) 
Pf = Φ (- β), β= μ z/ σz                                                                                                     (2.38) 
where β is the safety or reliability index, and Φ ( ) is the standard normal distribution 
function (Melchers 1999).  
In general, when the number of random variables is more than two, but all random 
variables are normal, and the limit state function is linear, thus, β and Pf can be readily 
calculated using Equations 2.35 to 2.38. However, when random variables are not normal 
and/or the limit state function is not linear, the safety index β has to be calculated as 
follows: 
Firstly, all random variables X have to be transformed to their standardized form Y. Also 
the limit state function must be transformed, and the non- linear G (Z) is linearized by 
taking the first term of the Taylor series expansion. The safety index β can then be 
calculated as the minimum distance of Yi from the failure space, as follows: 
yi =(xi - μ xi)/ σ xi                                                                                                                                                                    (2.39) 
β = min (∑n i=1   yi
2
) 
1/2
                                                                                                    (2.40) 
The particular point y
*
 which satisfies the Equation 2.40 is called the „design point‟. 
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 Monte Carlo Simulation (MCS) Method 
The basic of the Monte Carlo Simulation (MCS) method is the „sampling‟ of „random‟ 
events to simulate artificially a large number of experiments and to observe the results. In 
reliability analysis, sampling each random variable Xi, gives a sample value xi. The 
procedure of the generation of random samples for each random variable consists of two 
steps – random number generation, then random variate generation. 
- Generation of random numbers 
Usually, a uniform or rectangle distribution is applied to generate random numbers: 
fN (ni)=1 ,    for 0<n<1    or      fN (ni)=0,     elsewhere                                                  (2. 41)   
- Generation of random variates 
For a random variable x which has a given distribution function, cumulative function 
FX(x) can be easily obtained. Then, random sample values – called „random variates‟ can 
be obtained as xi equals to F 
-1
X (ni). Then a vector of random variates can be generated 
from random variables involved in a limit state function. Then the vector of random 
variates is substituted into the limit state function to check if the limit state G(x1,i ,  x2,i ,  
x3,i ,  …) <0 is violated for each  sample. 
Then, simulation is repeated (many trials) with different random variates. The number of 
all trials done is known as „sample size‟. Then, the number of trials for which the limit 
state is violated is counted and the probability of failure is computed approximately, as 
follows: 
 Pf =n (G (xi) <0) / N                                                                                                      (2.42) 
where n (G (xi) <0) is the number of trials n for which G (xi) <0 and N is the number of all 
trials done (Melchers 1999). 
2.4.3 System Reliability 
In the previous sections, limit state and reliability were discussed for one component. A 
system might consist of multiple components, which are interactive with each other to 
produce system tasks. The concept of system reliability is concerned with the limit state 
and the reliability of the whole system (Melchers 1999). Two basic structures for system 
reliability are series and parallel systems (Parnell, Driscoll et al. 2010). 
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 Series System  
When a system consists of N independent components, which have their own individual 
measure of reliability as R1, R2, R3, ..., the system is a series system if the success of the 
system depends on the success of all components. In other words, if even one component 
fails, the entire system will fail (Parnell, Driscoll et al. 2010). The concept of a series 
system is shown in Figure 2.6. 
 
Figure ‎2.6: Series system (Parnell, Driscoll et al. 2010) 
If Fi is the failure of the component i 
th  
of the system, the probability of failure of the 
series system is as follows (Melchers 1999): 
Pf=P(F1∪F2∪…  ∪Fi,∪...,∪Fn)                                                                                                                                  (2.43) 
 Parallel System 
This system, which consists of components with their measure of reliability R1, R2, R3, ...is 
a parallel system if at least one component‟s survival is sufficient for the whole of the 
system‟s survival (Parnell, Driscoll et al. 2010). In parallel systems, reaching to limit state 
for any one component or more does not necessarily mean failure of the whole system. A 
parallel system only fails when all its components have failed (Melchers 1999). A parallel 
system is shown in Figure 2.7. 
  
 
Figure ‎2.7: Parallel system (Parnell, Driscoll et al. 2010) 
R1 R2 RN 
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If Fi  is the probability of failure of the component i 
th 
of the system, the probability of the 
failure of the parallel system is as follows (Melchers 1999): 
Pf=P(F1∩F2∩F3,…,∩Fi∩...,∩Fn)                                                                                                                        (2.44) 
2.4.4 Application of Reliability to WDN 
The reliability of WDN is generally defined as the probability of WDN to supply water 
demand at sufficient pressure in spite of normal and abnormal conditions during a 
specified period of time (Cabrera and Vela 1995). (Xu and Goulter ).  
In the following sections, firstly, the nature of service interruption or failure is explained, 
and then uncertainty in the design parameters as one of the causes of service interruption 
or failure in a WDN will be reviewed.   
 Failure of WDNs 
The acceptable service is to supply the predefined nodal demands at or over minimum 
required head (pressure). Therefore, the failure of WDNs may occur due to either nodal 
demand not being supplied or nodal demands that are partially supplied at a head 
(pressure) lower than the minimum required head (pressure) (Cabrera and Vela 1995). 
There is a dependency between nodal demands and nodal head. The minimum required 
head is necessary so that nodal demand can be fully satisfied. If nodal head becomes lower 
than minimum head, only a proportion of demand will be delivered and if nodal head 
drops below zero, no demand can be supplied. Therefore, to fully supply predefined 
demands, the minimum head must be met. Therefore, failure occurs at each consumption 
node if the nodal head hj drops below minimum required head hj,min as  hj < hj,min (Tolson, 
Maier et al. 2004), (Xu and Goulter ), (Baños, Reca et al. 2011).  
Failure of a WDN can arise from three main causes (Xu and Goulter ):  
1. Uncertainty in future water demand, due to the effect of rapid urbanization and 
climate change, may cause that actual demands exceed the design demands 
(deterministic design values), and WDNs underperform (Basupi and Kapelan 
2014). 
2. Decrease in hydraulic capacity of pipes due to increase in their roughness may arise 
from corrosion and deposition, etc. Therefore, friction loss is increased beyond the 
design value, leading to drops in nodal head. 
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3. Component failure such as the structural failure of pipes, the blockage of valves or 
shortage of pumps will reduce the physical capacity of the network to transfer the 
water and deliver the required demands. 
The three above-mentioned causes are usually categorized into two main types of failure – 
hydraulic failure and mechanical failure. The failure arising from excessive projected 
nodal demands and increases in estimated pipe roughness are usually called hydraulic 
failure, and the failure of components is usually named „mechanical failure‟ (Farmani, 
Walters et al. ). This review focuses on the hydraulic failure of a WDN.  
The reason why hydraulic failure arises from excessive nodal demands and increase in the 
roughness of the pipes, is the increase of head loss within the pipes. The mechanism of the 
failure can be explained using hydraulic Equation of Hazen Williams 2.14c. An increase in 
nodal demands results in larger flows Qi within the pipes, and an increase in pipe 
roughness leads to an increase in internal friction and energy loss of the pipes (the increase 
in pipe roughness is shown with a smaller roughness coefficient). Therefore, head loss 
within the pipe hf will be increased based on Equation 2.14c. The consequence of greater 
energy loss within the pipes is a drop in the nodal head (or pressure) at the consumption 
nodes. This is the reason for the failure of a WDN due to excessive projected nodal 
demands and increases in the estimated roughness of the pipes.   
 Uncertainty in Nodal Demands and Pipe Roughness Coefficients 
Uncertainty could simply be defined as the occurrence of events that are beyond the 
expected or design values (Seifollahi-Aghmiuni, Haddad et al. 2013). In designing of 
WDN the most uncertain design parameters are probably water nodal demands and pipe 
roughness coefficients (Babayan, Savic et al. 2007). The uncertain variation in the design 
parameters during operational period of water distributions could affect performance of 
WDN and even lead to failure of WDN at different stage of service life (Seifollahi-
Aghmiuni, Haddad et al. 2013). 
- Uncertainty in Nodal Demands 
Deterministic values of nodal demand can be projected over the operational years using 
Equation 2.20. The deterministic model can predict the value of nodal demand each year 
during the operational period (Seifollahi-Aghmiuni, Haddad et al. 2013). However, in 
reality, the predicted value of nodal demands at each year of operation has some 
uncertainty due to the accuracy of a predictive model and uncertainty about input data.    
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In reality, the average or peak demands vary over a long period of operational time 
(Tabesh, Tanyimboh et al. 2004). The uncertainty in demands may arise from factors 
which are: (1) climatic conditions; (2) population growth; (3) standard of living; (4) extent 
of sewerage system; (5) type of commercial and industrial activities; (6) water pricing 
(Swamee and Sharma 2008); (7) socio-economic conditions; (8) ageing and the 
deterioration of buried infrastructures; and (9) public behaviour (Khatri and 
Vairavamoorthy 2009). 
- Uncertainty in Pipe Roughness Coefficient 
Also deterministic changes in the pipe roughness coefficient can be calculated using 
deterministic Equation 2.21 during the operational period of a WDN. However, similar to 
nodal demands, the value of the pipe roughness coefficient estimated by the deterministic 
models is uncertain for each operational year (Seifollahi-Aghmiuni, Haddad et al. 2013). 
Factors such as corrosion and sediment can affect pipe roughness while the pipe ages. 
Although the impact of these factors is definite, the estimated pipe roughness coefficient Ci 
is not certain (Farmani, Walters et al. ). Therefore choosing a proper value of the pipe 
roughness coefficient Ci for different stages over the operational period is done with a 
degree of uncertainty, and thus it adds complexity to WDN design. 
- Probability Distribution Function (PDF) 
When the value of a variable is uncertain, the variable is considered as a random variable, 
and a probability distribution is typically applied to describe the probabilistic values 
occurring for the variable. Due to the aforementioned uncertainty, nodal demand and 
roughness are random variables (Mays 1999) and a probability distribution function (PDF) 
can be used to assign uncertainty into these random variables.  
The probability distribution of demands should be fitted with real data. However, such real 
data are rarely available in the literature. Different types of PDF assumed for nodal 
demands have been used in past studies. The Normal (Gaussian) and Uniform PDF are the 
most commonly used PDFs, as shown in Table 2.3. Moreover, the probabilistic nature of 
demand has a normal distribution (Xu and Goulter ), and a Normal (Gaussian) PDF 
normally results in a relatively accurate estimation of demands (Babayan, Kapelan et al. 
2005), whereas lognormal distribution sometimes causes less accurate results (Xu and 
Goulter ). The nodal demands predicted by deterministic models are assumed as the 
mean value of Normal PDF, and the most commonly used values of the coefficient of 
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variation (COV) for a PDF of random nodal demands are 0.1, 0.2 and 0.4, as can be seen 
from Table 2.3. 
Table ‎2.3: Probability Distribution Function (PDF) and Coefficient of Variation (COV) 
 for Nodal Demand and Pipe Roughness Coefficient  
Researchers PDF for 
demand 
COV for 
demand 
PDF for 
pipe  
roughness 
coefficient 
COV for pipe  
roughness coefficient 
(Xu and Goulter ) Normal and 
lognormal 
0.3, 0.4, 0.5 Normal 0.1, 0.15 
(Tolson, Maier et al. 2004) Normal 0.4 Normal 0.4 
(Bao and Mays 1990) Normal Sensitivity 
analysis 
 Sensitivity analysis 
(Shanbin, Huaide et al. 
2011) 
Normal    
(Reehuis 2010) Gaussian 
distribution 
0.1 Uniform An interval of +/- 10% 
of the given roughness 
coefficient 
(Farmani, Walters et al. 
) 
Uniform The standard 
deviation as 10% 
of mean value 
  
(Babayan, Savic et al. 
2007) 
Normal or 
Uniform 
 
- 
Normal or 
Uniform 
 
(Seifollahi-Aghmiuni, 
Haddad et al. 2013) 
Normal Different 
scenarios with 
0.1 and 0.2 
Normal Different scenarios 
with 0.1 and 0.2 
(Giustolisi, Laucelli et al. 
2009) 
Gaussian     
  
The common types of PDF for pipe roughness can also be seen in Table 2.3. In most 
studies, normal distribution is chosen for the PDF of random pipe roughness coefficients. 
The sensitivity analysis of the performance of WDNs with respect to the type of PDF and 
values of COV for random pipe roughness coefficients was conducted in several studies 
(Bao and Mays 1990). Normal, log-normal, Gumbel, Uniform, Triangular, Pearson type 
III, Log-Pearson type III, Weibull, and Trapezoid distributions, along with different values 
of COV, have been tested, and it is concluded that the performance of a WDN is not 
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sensitive to those PDFs for COV less than 0.4 (Bao and Mays 1990). In those studies, the 
roughness coefficient estimated by deterministic models is considered as the mean value of 
the random roughness coefficient. 
- Correlation in Demand and Roughness 
To simplify the procedure of simulation of random variables in the study of reliability of a 
WDN, no correlation between any two random variables is usually modelled (Giustolisi, 
Laucelli et al. 2009). However, nodal demands are actually spatially correlated (Giustolisi, 
Laucelli et al. 2009). For spatial correlation, an example is that hot and dry weather can 
have a common impact on all nodes of the network, and could result in more consumption 
at the nodes. This means that increasing or decreasing demand at all nodes is simultaneous 
(Giustolisi, Laucelli et al. 2009).  
The correlation coefficient between any two nodal demands can be assumed equal to 0.50, 
as it was done in some study (Tolson, Maier et al. 2004), (Kapelan, Savic et al. 2005), 
which represents similar patterns of water use (Kapelan, Savic et al. 2005). Most studies, 
however,  have assumed pipe roughness coefficients are uncorrelated (Xu and Goulter 
), (Tolson, Maier et al. 2004), (Babayan, Savic et al. 2005). 
It is important that correlation between nodal demands is taken into the account in solving 
the reliability problem, because correlation is likely to lead to design solutions with higher 
cost for the same level of reliability (Kapelan, Savic et al. 2005). 
2.4.5 Safeguarding the Reliability of WDNs 
For safeguarding the reliability of WDNs under uncertain demands and roughness 
coefficients, two main approaches are developed in the literature – the probabilistic 
approach and the deterministic approach. (Farmani, Walters et al. )  
The probabilistic approach is based on the analysis of uncertainties. The main work of this 
approach is that the probabilistic measure of reliability is computed until the desired level 
of reliability is met (Xu and Goulter ). This approach is further explained in Section 
2.5.  
The second approach does not involve any uncertainty analysis but uses surrogate 
measures of reliability (Farmani, Walters et al. ). One common surrogate measure is 
the resilience index, which is further explained in Section 2.6.  
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2.5 Reliability Assessment of WDN Based on Probabilistic Approach 
The reliability of one node and the whole pipe network are reviewed here. It should be 
noted that, although different reliability measures have been proposed for the reliability of 
a WDN, there is no universally accepted definition for the reliability of WDNs (Farmani, 
Walters et al. ). 
2.5.1 Reliability Measures 
- Nodal Reliability 
The criterion of the acceptable performance of WDNs is commonly defined as follows: the 
nodal heads must be at or over the prescribed minimum head (Xu and Goulter ), 
(Tolson, Maier et al. 2004), (Baños, Reca et al. 2011).  Therefore, the reliability of one 
node under random demands and roughness coefficients is defined as the probability that 
nodal demand is supplied at or over the prescribed minimum head for a fixed configuration 
of the network(Xu and Goulter ), (Tolson, Maier et al. 2004). Therefore, each node of 
the network fails if the nodal head drops below the minimum required head (hj < hj min) 
(Xu and Goulter ).  
Therefore, the limit state for each node with respect to the head requirement can be written 
as (Xu and Goulter ): 
Gj (X) = hj  – hj 
min
                                                                                                         (2.45) 
where Gi (X) is the limit state function for the node j, X is the relevant variables that 
determine hj, and hj  is the nodal head for the particular node j and hj 
min
 is the prescribed 
minimum head.  
Since nodal demands and pipe roughness are uncertain, and the nodal head is an implicit 
function of nodal demand and the pipe roughness coefficient, the head at each node also 
has a probabilistic value (Xu and Goulter ). If XD is the vector of all random nodal 
demands and XC is the vector of all random pipe roughness coefficients, the random nodal 
heads hj (XD, XC) can be computed by solving hydraulic Equations 2.15 and 2.16, 
representing the mass and energy balance for nodes and pipes (Xu and Goulter ). 
Therefore, the limit state can be written for each node as follows (Xu and Goulter ): 
Gj (XD, XC) = hj (XD, XC) – hj 
min
  ≥ 0                                                                            (2.46) 
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where Gj (XD, XC) is the performance function of node j as the function of random 
variables, and hj (XD, XC) is the random nodal head at node j, which is explicitly the 
function of random nodal demands XD and pipe roughness coefficients XC.  
Therefore, the failure of a WDN happens if the limit state shown in Equation 2.46 is 
violated as in: 
 G (XD, XC) <0                                                                                                                (2.47) 
The probability of the failure Pf,j of each node of the network can be described as follows: 
Pf,j=P[G(XD,XC)<0]= P(hj≤hj
min
)                                                                                   (2.48) 
and the reliability Rj of each node of the network is the complement of the probability of 
the failure. 
Several studies have investigated reliability under uncertainty in nodal demand (Xu and 
Goulter ), (Tolson, Maier et al. 2004). However, there is a lack of understanding of 
the distribution of nodal reliability among the nodes in the network under combined 
uncertainty of nodal demand and pipe roughness. Such understanding is important for 
preventing hydraulic failure of some important nodes (e.g. in schools or hospitals) in the 
WDN. Furthermore, the sensitivity of nodal reliability to changes of variables, such as pipe 
diameter and minimum required pressure, is not well studied.       
- Network Reliability 
It is often more meaningful and convenient to estimate reliability using a measure 
characterizing the overall performance of the network (Tolson, Maier et al. 2004). There 
are different approaches to measure the reliability of the network in the literature: 
assessing the network reliability using a heuristic measure (Bao and Mays 1990), and 
assessing the reliability of the network as a system in which system reliability is defined as 
the probability that the minimum required heads are met at all nodes (Tolson, Maier et al. 
2004), (Baños, Reca et al. 2011).  
- Heuristic measures  
One approach for network reliability assessment is to use heuristic measures such as the 
arithmetic mean or weighted average of all nodal reliabilities (Bao and Mays 1990), as 
shown in Equations 2.49 and 2.50, respectively:   
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RN= 
  
 
 
 
   
                                                                                                                 (2.49) 
RN=     
 
   
  /                                                                                                                                                  (2.50) 
where RN is the network reliability, Rj is the reliability at node j and n is the number of 
nodes of network and qj is the mean value of random demand at node j. 
Another measure of network reliability can be the reliability of the critical node (Tolson, 
Maier et al. 2004). The critical node is the node in the network which has the smallest 
reliability compared with other nodes. 
RN= Min (Rj)                                                                                                                                                                           (2.51) 
The major shortfall of these heuristic measures is that they do not account for the 
interaction between components in producing the system performance. Alternatively, an 
improved definition has been used, as follows: 
- Network as a Series System 
A series system is a system where the failure of any one of its components implies the 
failure of the whole system (Melchers 1999). In this sense, WDNs can be treated as a 
series system in which failure of any node that is at a pressure lower than the minimum 
required pressure will constitute a network failure (Tolson, Maier et al. 2004). Network 
reliability is then defined as the complement of the probability of network failure. 
Treating a WDN as a series system results a conservative measure of network reliability. If 
WDN is modelled as a series system, the measure of network reliability is an upper 
boundary. Some decision-makers might also be interested in investigation of the worst 
situation of WDN in which failure of all consumption nodes are assumed as the network 
failure.  
WDN can be modelled as a parallel system in which the failure of all nodes constitutes a 
network failure, and the measure of network reliability is a lower boundary. The 
comparison of reliability of the network as a series or parallel system can provide insight 
about the most conservative and the worst situations in WDNs under uncertainty in nodal 
demands and the pipe roughness coefficients. Furthermore, the sensitivity of network 
reliability to changes of variables, such as pipe diameter and minimum required pressure, 
is not well studied.                                   
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2.5.2 Reliability Calculation  
To assess the reliability of each node of the network, the probability of failure first needs 
to be computed. Therefore, the integration in Equation 2.52 has to be solved (Xu and 
Goulter ). 
Pf [node failure] = p (G (X) <0) =p (hj ≤ hj 
min) = ∫ … ∫ G (XD, XC) f x (X) dX                 (2.52) 
where f x (X) is the joint probability density function of XD and XC. 
The integration in Equation 2.52 means there is a probability that an array of nodal 
demands and pipe roughness coefficients falls inside the domain of failure hj ≤ hj 
min
. 
Equation 2.52 cannot be solved analytically, except in some special cases. However, this 
integration can be solved by numerical approximation, such as in the Monte Carlo 
Simulation (MCS). Another solution for performing this integration is transforming f x 
(XD, XC) in Equation 2.52, and using some remarkable properties which can then be used 
to determine approximately the probability of failure; this method is called FORM. MCS 
and FORM were explained in Section 2.4.2. 
The reliability of a WDN can be computed using MCS in a more convenient way, 
compared with FORM. While MCS can be used to obtain the reliability of all nodes in the 
same computational process, FORM needs to build a limit state function of G (X) for each 
node separately, and compute the reliability of each node in a separate computational 
process (Tolson, Maier et al. 2004).Therefore, FORM does not, computationally, have 
advantages over MCS when reliability of all nodes is of interest (Tolson, Maier et al. 
2004). MCS studies have been utilized for WDN reliability estimation as the most accurate 
method in which, theoretically, there is no constraint (Xu and Goulter ). 
MCS includes three main steps for reliability assessment of a WDN: generation and 
simulation of a large number of random nodal demands and random pipe roughness 
coefficients (i.e. 1000 trials); hydraulic analyses of the WDN for each trial to check if the 
nodal heads have failed; and finally, calculation of the probability of failure, and 
assessment of the nodal and network reliability for a given WDN as follows: 
After a sufficient number of trials consisting of random demand and random pipe 
roughness are generated and simulated for a given configuration of the network, the limit 
state function of each node is evaluated using Equations 2.46 for each trial. The probability 
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of nodal failure can be obtained as the ratio of  the number of trials in which the node fails 
to number all trials done (Melchers 1999).   
The number of repetitions of the simulation N can be between 300 (Seifollahi-Aghmiuni, 
Haddad et al. 2013), 500 (Bao and Mays 1990) and1000 (Giustolisi, Laucelli et al. 2009).  
When the number of trials N increases from 200 to 500, the corresponding nodal reliability 
varies about 5-10% whereas for trials N greater than 500, the difference in nodal 
reliabilities becomes insignificant (Bao and Mays 1990). Finally nodal reliability Rj can be 
calculated as the complement of the probability of failure at each node. 
2.6 Reliability Evaluation of WDN Based on a Deterministic Approach 
A recent development in the evaluation of reliability of water distribution networks is 
using some deterministic surrogate measures (Mays 1999). In this approach, current and 
future values of all variables and parameters are estimated for each year over the design 
period, and then failures of the nodes and the network are checked against design criteria. 
Since, with this approach, reliability is not expressed in terms of probabilistic values, some 
deterministic surrogate measures (or factors of safety) can be calculated to provide 
surrogate information on reliability. Such surrogate measures of reliability are similar to 
the concept of factor of safety used in engineering structures. 
2.6.1 Surrogate measures of Reliability of WDNs 
Extra energy can be formulated through different deterministic measures that are, in fact, 
surrogates of the reliability measure. Many researchers have used various surrogate 
measures for improving the reliability of WDNs (Todini 2000), (Farmani, Walters et al. 
2006), (Reca, Martínez et al. 2008), (Prasad and Park 2004) . The most common surrogate-
based measures to handle the effect of uncertainty in WDNs are as follows: minimum 
surplus head; total surplus head; and resilience index (Reehuis 2010) among which the 
resilience index is the most commonly used measure. 
 Minimum Surplus Head 
The surplus head at each node is the excess nodal head available above the minimum 
required head. This surplus head implies the available energy for dissipation during failure 
conditions (Reehuis 2010). Minimum surplus head Im is defined as the surplus head at the 
most depressed node j (Farmani, Walters et al. ), (Reehuis 2010), (Todini 2000), 
(Prasad and Park 2004). 
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Im =min (hj –hmin)                                                                                                          (2.53) 
Maximization of the minimum surplus head Im in a WDN solution can improve the 
reliability of a WDND. 
 Total Surplus Head  
Another index for measuring the available energy of WDNs is the summation of surplus 
heads at all nodes, which is called the „total surplus head‟ It, and this can be 
mathematically expressed as (Farmani, Walters et al. ), (Reehuis 2010), and (Prasad 
and Park 2004): 
It = ∑ (hj –hmin )                                                                                                             (2.54) 
Maximization of total surplus head It can improve the ability of the network to overcome 
an increase in internally dissipated energy within the network during failure conditions. 
 Resilience Index 
Resilience index proposed by Todini (Todini 2000) is one of the most widely used 
surrogate measures of reliability of WDN (Farmani, Walters et al. ), (Reca, Martínez 
et al. 2008), (Farmani, Walters et al. 2006), (Prasad and Park 2004), (Saldarriaga and 
Serna 2007) As it was already mentioned, the unforseen increases in demand and 
roughness will increase internally dissipated energy within the pipes. Therefore, the term 
of resilience for the network aims to supply surplus intrinsic energy for the WDN through 
the larger pipes sizes.  
Resilience index Ir is defined as (Todini 2000): 
Ir = 1 – (P
*
int / P
*
max )                                                                                                      (2.55)                                                                                                                                        
where P
*
int  is the amount of power lost in the network to satisfy the total demand, and 
P
*
max is the maximum power that would be internally lost in order to satisfy the constraints 
in terms of the minimum head at the nodes. 
The aim of the term of the resilience index is to provide surplus energy for the network 
using larger pipe sizes (or more energy by pumps) than is needed in normal situations (i.e. 
expected demands). The surplus energy within the network can then be applied to 
overcome the increase in internally dissipated energies within the pipes arising from an 
unexpected increase in nodal demand and pipe roughness.  
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The resilience index provides redundancy in the network in order to contribute to its 
reliability. Redundancy in this context is defined as an excess in the capacity of the 
network in handling design values of demands and roughness coefficients. In fact, 
redundancy is an intrinsic surplus energy which can be obtained by increasing pipe sizes to 
overcome dissipated energy within the network, due to an excess in the design of nodal 
demands and pipe roughness coefficients.  
Although the resilience index does not precisely reflect reliability, changes in the value of 
the resilience index reflect changes in the reliability of the WDN. Increases in the measure 
of resilience could improve the reliability of the WDN. In the case of an excess in water 
demands, the flow within pipes will be increased, and energy loss will become higher 
within the network (Farmani, Walters et al. ), (Todini 2000);  also, increase in pipe 
roughness tends to increase the energy loss within the pipes due to an increase in the 
friction of the pipe‟s wall. Therefore, failure in the delivery of nodal demands at sufficient 
head will be inevitable if a surplus energy is not provided for WDN (Todini 2000). 
Therefore, regardless of the mechanism of the failure, a designer would like to increase the 
redundancy of the designed network by using larger pipe sizes to overcome extreme 
operational conditions. However, some constraints on surplus energy are required because 
too large a nodal head increase the leakage component‟s wear and cost (Todini 2000). 
Then a trade-off can be achieved between the resilience index (redundancy in intrinsic 
energy) and the cost of the WDN. 
Although the network resilience index is derived and widely used, there is a lack of 
information on the nodal resilience index and its distribution among nodes. Such 
knowledge is useful for improving nodal performance and preventing nodal failure. 
Furthermore, the sensitivity of the resilience index to changes in variables, such as nodal 
demand and pipe roughness is not well studied.                                
2.6.2 Effect of Resilience Index on Performance of a WDN 
As a summary, Table 2.4 shows studies which have applied the „probabilistic approach‟ 
for reliability assessment or have used the „deterministic approach‟ for „evaluation of 
reliability‟. 
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Table ‎2.4: Lists of studies using probabilistic and deterministic approaches 
Probabilistic approach Applied case studies 
(Xu and Goulter ) Four loop network from Goulter and Coals 
1986: Fujiwara and Tung 1991 
(Seifollahi-Aghmiuni, Haddad et al. 
2013)  
Two loop network 
(Bao and Mays 1990) Example 5A from Wood (1980) 
(Laucelli, Giustolisi et al. 2010) Apulian network 
 Deterministic approach Applied case studies 
(Todini 2000) Two loop network and a classical loop 
network  
(Prasad and Park 2004) Two loop network and Hanoi network 
(Baños, Reca et al. 2011) Two loop network and Hanoi network 
(Tanyimboh, Tietavainen et al. 
2011) 
The hypothetical network 
(Oliker and Ostfeld 2013) Two loop network and Hanoi network 
(Piratla and Ariaratnam 2013) Two loop network and NT tunnels  
The difficulty in uncertainty analysis and probabilistic measures of the reliability of WDNs 
has motivated many interests in the application of surrogate measures of reliability (Baños, 
Reca et al. 2011) particularly, in recent years, the resilience index. For instance, MCS, as 
the most accurate method for stochastic analysis of uncertainties in nodal demands and 
pipe roughness (Xu and Goulter ) needs too much computations due to the large 
number of simulations to ensure reasonable accuracy of results. Therefore, difficulty in 
explicit consideration of the reliability of WDN design (Todini 2000), and the complex 
task of identification of network performance by MCS have encouraged applying 
resilience index in WDN design. Using the resilience index in WDND could improve the 
reliability of the network (Prasad and Park 2004) while easing the computational burden.  
In this section, the relation between the reliability and resilience index are reviewed. It has 
already been explained that the resilience index provides surplus intrinsic energy for the 
WDN to generally improve the reliability of the network. However, although maximizing 
the resilience index can generally improve the reliability of a WDN, it does not guarantee 
the delivery of water at sufficient head for all nodes under a failure condition (Prasad and 
Park 2004). Recent studies (Baños, Reca et al. 2011), (Oliker and Ostfeld 2013), (Piratla 
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and Ariaratnam 2013) and (Czajkowska and Tanyimboh 2012), have investigated about 
the effect on the supplied resilience index for a WDN on the performance of a WDN. 
Banos, Reca et al have investigated by empirical study the impact of resilience measures 
(Baños, Reca et al. 2011). They evaluated the performance of solutions of a WDN-
designed by using the multi-objective algorithm for maximizing the resilience index and 
minimizing the cost (Baños, Reca et al. 2011). A front of non-dominated solutions of a 
WDN with different costs and resilience are analysed under 1000 scenarios of increase in 
nodal demands to determine the number of feasible solutions and whether they are able to 
maintain the head at all nodes. 
They (Baños, Reca et al. 2011) concluded that the capacity of design solutions which have 
higher resilience is generally sufficient to overcome increased demands, compared with 
lower resilience. Such results implicitly implied the general effect of resilience measures in 
improving network reliability.   
In their study, however, there were some cases in which the results were different. Some of 
the solutions with a smaller resilience index had a higher capacity under excessive 
demands than solutions with larger resilience. The reason was that the effect of the 
increase in demand is not same at all nodes (Baños, Reca et al. 2011). For instances, 
increase in nodal demand has a higher impact on nodes which are in branch locations than 
those which are in looped parts of the network, or in nodes closer to reservoirs than those 
further away (Baños, Reca et al. 2011).  
Since the resilience index aims to provide a global redundant energy for the whole 
network, it ignores the distribution of redundant energy at each node of the network 
(Baños, Reca et al. 2011). Therefore, although a solution might have a higher level of 
resilience compared with other solutions, it could have a smaller capacity to overcome 
increased demands if there is not sufficient surplus energy at some specific nodes, as in the 
examples already mentioned. It was revealed in their study (Baños, Reca et al. 2011) that 
various nodes of the WDN need different values of surplus energy to overcome increases 
in water demands. Although resilience measures have been widely used to measure the 
redundant capacity of the whole distribution network, it cannot correctly measure the 
capacity of each specific node for handling failure conditions (Baños, Reca et al. 2011).  
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Also, in another study, it was showed that although the resilience index can give a good 
insight into system reliability, and an increase in the resilience index of the network will 
generally increase the reliability; however, the relationship between reliability and 
resilience is not stable (Oliker and Ostfeld 2013). Oliker and Ostfeld have analysed the 
number of feasible nodes (at which head is at or over the minimum required head) of the 
network under pipe breakage, with Hanoi network as the case study. They found out that, 
although there is a global ascending trend between the number of feasible nodes and the 
level of the resilience index, there are some fluctuations in general trends. In a few cases, a 
higher level of the resilience index might result in a lower number of feasible nodes under 
pipe breakage (Oliker and Ostfeld 2013). 
The findings of their study (Oliker and Ostfeld 2013) support the conclusion of work by 
Banos, Reca et al (Baños, Reca et al. 2011) that the supplied resilience for the network 
could not guarantee the delivery of demands at all nodes (Baños, Reca et al. 2011). These 
studies highlight the need for exploring reliability using probabilistic methods of reliability 
assessment, and caution against relying solely on the resilience index for improving the 
reliability of nodes (Oliker and Ostfeld 2013). 
Tanyimboh, Tietavainen et al, also studied the correlation between reliability and 
resilience index of WDNs in the case of mechanical failures (Tanyimboh, Tietavainen et 
al. 2011). They concluded that there might be many design solutions for a WDN in which 
there is an increase in reliability for a decrease in resilience index. Also, Czajkowska and 
Tanyimboh showed there is nearly no correlation between reliability and resilience index 
of WDN in case of operational failure (such as pipe failure) (Czajkowska and Tanyimboh 
2012). High values of resilience index are not definitely corresponding to high levels of 
reliability under mechanical failures (Czajkowska and Tanyimboh 2012). Piratla and 
Ariaratnam have explained the reason for such conflicting results; they believe that the 
current formulation of resilience for the design of WDNs only considers the redundancy in 
terms of sufficient surplus energy. However, a true resilience measure should consider the 
probability of failure and its impact in addition to redundancy (Piratla and Ariaratnam 
2013).   
Atkinson, Farmani et al, have examined the resilience index by analysing its relation with 
hydraulic reliability under changes in demand. They have concluded that networks with 
high resilience index present reasonable hydraulic operational performance. But there is 
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limited correlation with hydraulic reliability because of a lack of surplus head at 
underperforming nodes (Atkinson, Farmani et al. 2014).  
The resilience index has been widely used as one of the objectives in the optimal design of 
a WDN; its effects on the performance of a WDN are also evaluated in several studies 
reviewed above. However, the missing gap is the probabilistic assessment of reliability for 
different resilience indexes under the combined effects of uncertainty, nodal demand and 
pipe roughness. 
2.7 Major Shortcomings 
The major shortcomings identified from the review are summarized as follows: 
-  Nodal reliability under uncertainty in nodal demand and pipe roughness:  
Although reliability assessment is conducted for nodal reliability in the literature, the 
distribution of nodal reliabilities among different nodes of the network is not extensively 
studied. It would be important to have a general idea about the reliability of various nodes 
of the network to allocate different consumers to different places across the network based 
on the reliability.  
Furthermore, the term of the resilience index does not take uncertainties into account in 
WDN design; however, reliability assessment is necessary to assess the impact of 
uncertainty in demands and roughness coefficients on the reliability of nodes and the 
whole network of designs obtained, based on the term of the resilience index. The nature 
of the resilience index as a commonly used surrogate measure of the reliability of a WDN 
is to provide intrinsic redundancy for the WDN in terms of surplus energy using larger 
pipes sizes. However, the resilience index does not involve the probability of excess in 
nodal demands and increases in pipe roughness, and the impact of these failure conditions. 
Therefore, reliability theory needs to be applied to evaluate whether the supplied resilience 
index for the WDN can meet a desired level of reliability under given uncertainty in design 
parameters. 
-  The network reliability under uncertainty in nodal demand and pipe roughness: 
Based on the above review, almost all studies that have investigated the reliability of the 
whole WDN under uncertain demands and uncertain roughness coefficients have defined 
the reliability of the network as the probability that no consumption node has a pressure 
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below the minimum required pressure. Therefore, the WDN is usually treated as a series 
system in which any failure at one or more consumption nodes, will constitute a network 
failure. This consideration provides an upper level of network reliability in which no 
failure at consumption nodes is acceptable.  
Although this definition for network failure is necessary to have an acceptable 
performance at all nodes under uncertainties, water authorities might be interested to 
compare this most conservative definition of network failure with situations which are less 
conservative; for example, a percentage of failure in some part of the network or failure at 
all nodes. Therefore, in case of any interest, network reliability as a series system should 
be compared with network reliability as a parallel system in which the failure of all 
consumption nodes constitutes a network failure. 
- The relation between reliability and resilience 
The current formulation of the resilience index only considers redundancy in a WDN in 
terms of surplus energy for overcoming increases in internally dissipated energies due to 
failure conditions. It does not consider the probability of failure and its impact on WDN 
performance in addition to redundancy. In fact, as the resilience index does not analyse 
uncertainties in key parameters of design, it could just provide a subjective redundancy for 
the network. Therefore, there is no guarantee that the extra energy provided is sufficient 
for handling a given uncertainty in nodal demand and pipe roughness. Also, there is no 
rationale as to how much extra energy is needed to overcome uncertain demands and 
roughness modelled by the given PDF, and meet a specific level of nodal and network 
reliability. 
Moreover, since the resilience index does not take key uncertainties in design parameters 
into account, the relation between the reliability and resilience index is not definite. 
Although the increase in resilience index of a WDN generally improves the reliability of 
the network, this assumption has not been investigated under simultaneous uncertainty in 
demands and roughness. Almost all studies which have investigated the relation between 
the resilience index and the reliability of WDNs, have focused on mechanical failures, not 
on hydraulic failures. Thus it is necessary to investigate the relation between nodal and 
network reliability under random nodal demands and pipe roughness coefficients and the 
resilience index. 
56 
 
Therefore, it is necessary to apply reliability theory to investigate a mathematical relation 
between terms of nodal and network reliability, under designated uncertainty in random 
demands and roughness coefficients, and resilience index. Such formula can determine a 
sufficient resilience index, which is essential in order to meet a specific level of nodal and 
network reliability under given uncertainties. The thresholds of the resilience index can 
then be applied in WDN design to choose a reliable design solution among different design 
solutions for a given configuration of WDN. 
-   nodal resilience 
The term of a resilience index for the whole network could just assess global surplus 
energy within the network while it could not measure how this global energy is distributed 
among various nodes of the network. Since different nodes of a network need different 
amounts of surplus energy to overcome failure conditions, the ignorance of proper and 
reasonable distribution of global surplus energy might leads to a lack of power at some 
nodes. Therefore, these nodes might not be reliable to overcome some failure conditions. 
This is the motivation for introducing a resilience measure which could evaluate the 
capacity of each node in terms of redundant energy. The accurate and clear value of 
resilience at each node could measure the ability of each specific node for handling 
uncertainty in demands and roughness coefficients. Therefore, the nodal resilience index is 
needed to find out about resilience at each node of the network. 
- sensitivity of the reliability and resilience index 
The reliability assessment under uncertainty in two design parameters – nodal demands 
and pipe roughness coefficients – has been studied extensively, but the sensitivity of nodal 
and network reliability to the degree of these uncertainties has not studied extensively 
investigated. The understanding about the impact of degree of uncertainty on reliability 
can identify the most critical areas of the WDN in terms of its reliability in any unexpected 
variations in projected demands and pre-estimated pipe roughness coefficients. Also, the 
factors influencing the resilience index least and most have not been studied, and there is a 
shortcoming in the sensitivity of the resilience index to design parameters and variables 
effecting on that such as pipe diameter, pipe roughness and nodal demands.  
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2.8 Summary 
This chapter has reviewed the proper function of Water Distribution Networks (WDNs), 
which is to supply predefined water demands located at consumption nodes at sufficient 
head. The performance of a WDN might be affected due to some uncertainties in design 
parameters. The major sources of uncertainties in designing WDNs are likely to come 
from nodal demands and pipe roughness coefficients. 
The uncertainty in nodal demands and the pipe roughness coefficient may cause the failure 
of the WDN. Such uncertainty could lead to unforseen increases in nodal demands and 
pipe roughness during the operational years of a WDN. Such an increase in demand and 
roughness could then increase internal dissipated energy within the WDN, and 
consequently could result in dropping residential head at the nodes.  
The reliability of a given WDN under uncertainty in demands and roughness coefficients is 
concerned with the failure of the nodes. Reliability is often defined as the probability that 
demands placed on consumption nodes are met at or over prescribed minimum head under 
given uncertainty in nodal demands and pipe roughness coefficients. 
Reliability might be individually measured for each node of the network, or it can be 
measured for the whole WDN as a system. The criteria for the acceptable performance of 
one node are that the head should be at or over the minimum required head. In the current 
literature, the criterion for acceptable performance of the network is defined as all nodes in 
the network having at or over the minimum head. This means that a WDN is a series 
system in which failure of any or more nodes constitutes the failure of the network. In case 
of any interest, WDN could be modelled as a parallel system in which the failure of all 
nodes constitutes the failure of the network. 
There are two main approaches in the literature relating to the evaluation and safeguarding 
of the reliability of WDNs – namely, Probabilistic and Deterministic approaches. The 
reliability theory is applied to assess nodal and network reliability by using different 
methods such as MCS. The essence of the probabilistic approach is uncertainty analysis, 
while the deterministic approach does not involve any uncertainty analysis. In recent years, 
deterministic measures such as the resilience index have been widely used as surrogates of 
reliability in order to improve the reliability of WDNs. The basic concept in the resilience 
index of the network Ir is to supply intrinsic redundancy for the network in terms of 
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internal energy to overcome excess in dissipated internally energies due to failure 
conditions.  
Although providing the network with the resilience index could improve the reliability, 
there are some issues in using only the resilience index. The main issue is that the 
resilience index does not analyse uncertainties in nodal demands and pipes roughness 
coefficients. The current formulation of resilience index only provides the redundancy for 
a WDN while it ignores the probability of failure and the magnitude of its impact on the 
performance of the WDN.  Therefore, reliability assessment is necessary to analyse 
random demands and roughness coefficients. Reliability theory needs to be applied to 
assess the reliability of nodes and whole network under given uncertainty in design 
parameters. 
Secondly, although reliability is generally increased for an increase in the resilience index, 
the relation between the reliability and resilience index is not definite. Although 
maximising the resilience index of a WDN generally improves the reliability of the 
network, there are some antithetical results in this trend. Also, it is not clear how much 
resilience is sufficient to meet a specific level of reliability under a given uncertainty in 
demand and roughness. 
Therefore, if the relation between nodal and network reliability under random nodal 
demands and pipe roughness coefficients and the resilience index can be developed, 
thresholds of the resilience index to meet a specific level of nodal and network reliability 
can be determined for given uncertainties. 
Thirdly, the term of resilience index for the network provides a global surplus power for 
the whole network. Therefore, it ignores the distribution of surplus energy between various 
nodes of the network. Since various nodes of the network need different amounts of 
surplus energy to overcome a given uncertainty, a global surplus energy (resilience index 
for the network) might not guarantee sufficient power for all nodes. 
Therefore, if one measure could determine the proportion of each node from the global 
surplus energy, then it could give more accurate information about the surplus energy 
supplied for each node of the network. In order to overcome this shortcoming of the 
resilience index, a comprehensive investigation of the latter for one node of the network is 
strongly suggested.  
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Chapter 3 
 
3. Nodal Reliability Assessment 
 
 
 
3.1 Introduction 
Safeguarding the reliability of a water distribution network (WDN) is an important task of 
water agencies to ensure the wellbeing of community. The literature review in Chapter 2 
identified some knowledge gaps that should be addressed to better manage and improve 
the reliability of WDNs. 
Therefore this chapter applies reliability theory to assess nodal reliability under uncertain 
nodal demands and pipe roughness coefficients, and to investigate the effect of the 
resilience index on nodal reliability. The nodal reliability is calculated under two cases of 
design variables. First, nodal demands and pipe roughness coefficient are assumed to be 
independent, and second, the correlation between nodal demands and correlation between 
pipe roughness coefficients are considered for reliability assessment. The effect of the 
degree of uncertainties in demand and roughness on nodal reliability is identified using 
sensitivity analysis of nodal reliability. 
Finally, to assess the effect of the resilience index on nodal reliability, a new term of nodal 
resilience index, which has not been studied before, is formulated for consumption nodes. 
Then, the relation between the nodal reliability and nodal resilience index is investigated 
under uncertain nodal demands and pipe roughness coefficients to determine the threshold 
of the nodal resilience index necessary to meet a desired level of reliability at each node. 
3.1.1 Significance of the Work  
The Monte Carlo Simulation (MCS) is applied to analyse the impact of simultaneous 
uncertainties in nodal demands and pipe roughness coefficients on the performance of 
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WDN solutions designed on the basis of the resilience index. Also, the reliability 
assessment under independent and correlated parameters demonstrates the effect of the 
correlation between nodal demands and the correlation between pipe roughness 
coefficients on nodal reliability. The sensitivity analysis of nodal reliability to the 
coefficient of variation (COV) of random variables also identifies the impact of a degree of 
uncertainty on the reliability of consumption nodes of the network.  
Although providing the resilience index increases the capacity of the node to handle 
variations in uncertain nodal demands and pipe roughness coefficients, it does not ensure 
that the desired level of nodal reliability for a designated COV is met. Therefore, the 
important work of this chapter is to use reliability theory to investigate the effect of the 
resilience index on nodal reliability for a given uncertainty in nodal demand and pipe 
roughness. A relation formulated between the nodal reliability and nodal resilience index 
can determine the threshold of the nodal resilience index equivalent to a specific level of 
nodal reliability under given uncertainty in demands and roughness coefficients. 
To study the relation between the reliability and the resilience index at the level of nodes, 
the new term of a nodal resilience index is introduced and formulated as another 
contribution of this study. Since the term of a network resilience index could not measure 
the supplied resilience at each node of the network, the term of nodal resilience index is 
developed in this chapter. A sensitivity analysis of the nodal resilience index is also 
conducted to identify the most influential factors on the nodal resilience index. 
3.1.2 Main Assumptions 
To assess reliability and investigate the relation between nodal reliability and the nodal 
resilience index under given uncertainties, the following assumptions are made:  
To investigate a relation between the nodal reliability and nodal resilience index, different 
design solutions of a given WDN are used. It should be noted that the difference between 
the designs of the WDNs is the difference in pipe diameters, which results in different 
levels of the resilience index and different costs of the network. For a given design of a 
WDN, design variables (i.e. pipe diameters) and design parameters, including nodal 
demands, pipe roughness coefficients, pipe lengths, nodal elevations, minimum required 
pressures, number of nodes and number of pipes, are all known. 
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The second assumption is related to the scenario of uncertainty analysis. There are some 
deterministic models predicting nodal demands and pipe roughness coefficients for each 
year of operation (for example for every year of 30 operational years). In this study, 
reliability and resilience are calculated for one year of a WDN operation (as a time-
independent reliability assessment). If projected nodal demands and estimated pipe 
roughness coefficients are available for each operational year, then the reliability 
assessment can be extended for a whole operational period (a time-dependent reliability 
assessment). The design values of nodal demands and pipe roughness coefficients are 
assumed as mean in normal distributions to assign uncertainties of one operational year to 
the demand and roughness coefficient. Because of the scope of this study, prediction 
models for nodal demand and pipe roughness are not developed in this study. Therefore, 
the design values of nodal demand and pipe roughness coefficient are used to assess 
reliability and resilience for one year. The methodology can be repeated for other years if 
predicted values of nodal demands and pipe roughness are available. 
Finally, the water distribution network of this study is assumed to be gravity-fed, 
comparable with published studies in the literature. However, in most urban WDNs, 
pumps are often used and at least two groups of pumps are used. One group is spare 
pumps, which can also be used to provide additional flow or head to meet the increase in 
the demand or compensate the decrease in hydraulic capacity of pipes due to increase in 
roughness. In the case of a pump-based WDN, the assessment of reliability and resilience 
needs to be modified to account for the presence of spare pumps, which is also considered 
as another form of surplus energy. Due to the scope of this study, only a gravity-fed WDN 
is chosen for this research study.  
3.1.3 Content and Structure of the Chapter 
This chapter consists of the following tasks to address research questions (a), (c), (d) and 
(e) mentioned in Section 1.4: 
 nodal reliability assessment,  
 sensitivity analysis of nodal reliability,  
 nodal resilience index and its sensitivity analysis, and  
 relation between nodal reliability and nodal resilience index,  
A numerical example is also provided to illustrate the computational steps for each 
research task. 
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3.1.4 Numerical Example 
A simple gravity-based WDN with 1 source, 1 loop, 4 pipes, and 3 consumption nodes, as 
shown in Figure 3.1, is used to demonstrate and verify the theoretical work to be 
developed in this chapter. The data of this WDN is shown in Table 3.1. It should be noted 
that this set of pipes are just a hypothetical set of pipes to illustrate the methodology. 
 
 
 
 
Figure ‎3.1: The numerical example 
 
Table ‎3.1: Data of the numerical example 
Node  
(ID) 
Elevation 
 (m) 
Demand  
(m3/h) 
Pipe 
(ID) 
Diameter  
(mm) 
Length 
(m) 
Roughness  
(unit-less) 
Reservoir 100 690 1 250 1000 130 
1 0 230 2 200 1000 130 
2 0 230 3 250 1000 130 
3 0 230 4 150 1000 130 
3.1.5 Calculation of Nodal Pressure and Pipe Flow  
To solve the hydraulic problem of the network to obtain nodal heads hj and pipe flows Qi, 
mass conservation, shown in Equation 3.1, must be met for all nodes, and energy 
conservation, as shown in Equation 3.2, has to be applied for all pipes: 
∑Qi, input - ∑ Qi, output = qj,                                                                                         (3.1) 
hj1 –hj2 = 10.67 (Qi 
1.852
 Li) / (Ci
1.852 
Di
4.871
)                                                                 (3.2) 
where Qi is flow within pipe i that connects two nodes j1 and j2, Qi, input is inflow and 
Qi,output is outflow at node j, and qj is flow demand at node j which all are in cubic meters 
per second. Li is length of pipe I in meter, Di is diameter of pipe i in meter, hj1, hj2 are 
heads in meter of water at two nodes j1 and j2, and Ci is Hazen-William roughness 
coefficient (unit less) for pipe i. The constant 10.67 is used when Di and Qi are in SI unit of 
1 
2 3 
Reservoir 
(3) (2) 
(4) 
(1) 
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m and m
3
/s. Table 3.2 shows values of constant of Hazen-Williams formula (Bhave and 
Gupta 2006). 
To simplify Equation 3.2, let 10.67Li / (Ci
1.852
×Di
4.871
) = Ri, therefore Equation 3.2 
becomes: 
hj1 – hj2 =Ri Qi
1.852
                                                                                                             (3.3) 
Table ‎3.2: Values of constant of Hazen-Williams formula 
Pipe 
diameter 
(D) 
Pipe discharge 
m3/s m3/min m3/h m3/d L/s L/min ML/d 
m 10.67 5.438×10-3 2.769×10-6 7.694×10-9 2.969×10-5 1.512×10-8 2.768×10-3 
cm 5.869×1010 2.988×107 1.522×104 42.28 1.631×105 83.07 1.521×107 
mm 4.351×1015 2.215×1012 1.128×109 3.134 ×106 1.209×1010 6.158×106 1.128×1012 
 
 
 
 
 
 
 
Figure ‎3.2: The assumed direction of the flow 
The hydraulic problem of WDN can be defined as determining the flow rates Qi within all 
pipes and heads hj at all nodes under steady-state assumption. The variables with known 
values in the problem are nodal elevations zj, nodal demands qj, head at source nodes, such 
as reservoirs hk and the length of pipes Li , the diameter of pipes Di and Hazen-Williams 
roughness coefficient (unit less) for pipes Ci. 
The direction of flows within each pipe is initially assumed (as shown in Figure 3.2), and 
then Equations 3.1 and 3.3 are written for all nodes and pipes as follows: 
Q1=q1+Q2+Q3      for Node 1                                                                                          (3.4a) 
Q2+Q4=q2             for Node 2                                                                                         (3.4b) 
Q3=q3+Q4             for Node 3                                                                                         (3.4c) 
hr–h1=R1Q1
1.852
    for Pipe 1                                                                                          (3.5a) 
(3) (2) 
(1) 
3 2 
1 
Reservoir 
(4) 
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h1–h2=R1Q2
1.852      
for Pipe 2                                                                                         (3.5b) 
h1–h3=R3Q3
1.852 
  for Pipe 3                                                                                           (3.5c) 
h3–h2=R4Q4
1.852
   for Pipe 4                                                                                          (3.5d) 
Since the units of qj, Li, and Di in the practical Example 3.1 are as cubic meters per hour, 
meter and millimetre, respectively, the applied constant to compute Ri is 1.128×10
9
 based 
on Table 3.2.  
R1= 0.000286, R2 =0.000849, R3 = 0.000286 and R4 = 0.003448. 
Although the equation of conservation mass for nodes is linear, as shown in Equation 3.1, 
Equation 3.3 is non-linear for pipe flows. The gradient method (Bhave and Gupta 2006) is 
used to solve nodal pressures and pipe flow rates for the given WDN shown in Figure 3.1. 
To apply the gradient method, non-linear Equation 3.3 needs to be linearized. The gradient 
method then simultaneously solves the linear Equations in an iterative procedure to obtain 
nodal heads hj and pipe flows Qi. The following steps explain the gradient method using 
practical example 3.1 (Bhave and Gupta 2006).  
The non-linear Equation 3.3 can be linearized at iterative k using Taylor`s series and 
neglecting the residue after two terms for each pipe as follows: 
hj1,k+Δhj1,k – hj2,k - Δhj2,k= Ri (Q i,k) 
n
 + n Ri (Q
 
i,k)
n-1
 (ΔQi,k )                                          (3.6) 
in which hj1,k is either assumed or known nodal heads for the iteration k
th
 at nodes j1 and j2, 
Qi,k
 
 is either assumed or known  discharge in pipe i at the iteration k
th
, and  Δhj1,k , Δhj2,k 
and ΔQi,k are the unknown corrections for the iteration k
th
. Qi,k+1 = Qi,k + ΔQi, k is updated 
discharge in pipe i after correction of Qi,k
 
. The Qi,k+1 will then be used at iteration (k+1) 
th
. 
Equation 3.4 can be rewritten as:  
hj1, k+1–hj2,k+1-n Ri (Qi,k) 
n-1(ΔQi,k)= Ri (Qi,k) 
n
                                                                  (3.7) 
In which hj1,k+1 and hj2,k+1 are corrected heads of nodes j1 and j2, respectively, after the 
iteration k
th
.  
By subtracting n Ri (Qi,k) 
n
  from both sides of Equation 3.7: 
hj1,k+1–hj2,k+1–n Ri (Qi,k )
n-1
(Qi,k+ΔQi,k)= (1-n) Ri(Qi,k) 
n                           
                               (3.8) 
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And by replacing Qi,k+ΔQi,k  with Qi,k+1: 
hj1,k+1–hj2,k+1–n Ri (Qi,k)
n-1
(Qi,k+1)=(1-n) Ri (Qi,k)
n
                                                           (3.9) 
Equation 3.9 provides m numbers of linearized Equations for m pipes. Also, n numbers of 
linear Equation 3.1 can be written for n numbers of nodes as:  
∑Qi, k+1, input – ∑ Qi,k+1,output = qj,                                                                          (3.10) 
The set of (m+n) linear equations can be easily solved using the matrix method. The 
iteration is continued until the pipe flows obtained at iteration k and k+1 are not different 
by an acceptable error. 
The iteration is needed since the use of Taylor series for linearization requires a solution 
point. However, the solution point is not known at the first place and thus some arbitrarily 
chosen values are selected to start the search for the solution point. 
In the first iteration k=1, Q0 at each pipe is assumed or arbitrarily chosen as: 
Q1,0 = 690 
Q2,0 = 184 
Q3,0 = 274 
Q4,0 = 44 
And n= 1.852, then Equation 3.9 can be written for pipes as: 
100–h1,1–1.852×0.000286×690
0.852
× Q1, 1= -0.852×0.000286×690
1.852
   for Pipe 1   (3.11a) 
h1,1– h2,1–1.852×0.000849×184
0.852
×Q2,1= -0.852×0.000849×184
1.852    
for Pipe 2    (3.11b) 
h1,1– h3,1–1.852×0.000286×274
0.852
×Q3,1= -0.852×0.000286×274
1.852    
for Pipe 3    (3.11c) 
h3,1– h2,1–1.852×0.003448×44
0.852
×Q4,1= -0.852× 0.003448×44
1.852
      for Pipe 4    (3.11d) 
Also Equation 3.10 can be written for Nodes 1, 2 and 3 as: 
Q1,1=Q2,1+Q3,1+230       for Node 1                                                                             (3.12a) 
Q2,1+Q4,1=230               for Node 2                                                                             (3.12b) 
Q3,1=Q4,1+230                for Node 3                                                                             (3.12c) 
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By simultaneous solving of four Equations for pipes and three Equations for nodes, pipe 
flows and nodal heads are obtained as: Q1,1= 690, Q2,1 =184.93, Q3,1=275.07, Q4,1 =45.07, 
h1,1 =48.25, h2,1 = 34.84, h3,1 = 38.83.  
The obtained Qi,1 are then used as the expansion point for the Taylor series in the second 
iteration as follows: 
100– h1,2–1.852×0.000286×690
0.852
× Q1,2= - 0.852×0.000286×690
1.852
    for Pipe1 (3.13a) 
h1,2–h2,2–1.852×0.000849×184.93
0.852
×Q2,2=-0.852×0.000849×184.93
1.852  
forPipe2(3.13b) 
h1,2–h3,2–1.852×0.000286×275.07
0.852
×Q3,2=-0.852×0.000286×275.07
1.85  
for Pipe3 (3.13c) 
h3,23– h2,2–1.852×0.003448×45.07
0.852
×Q4,2=-0.852×0.003448×45.07
1.852  
for Pipe4 (3.13d) 
By Simultaneous solving of four Equations for pipes and three Equations for nodes, pipe 
flows and nodal heads are obtained as: Q1,2= 690, Q2,2=184.93, Q3,2=275.07, Q4,2=45.07, 
h1,2=48.25, h2,2= 34.84, h3,2= 38.83. 
Since there is no difference between solutions in iterations 1 and 2, the final solution can 
be accepted with an accuracy of 0.01m
3
/h after two iterations. As all pipe flows obtained 
are positive, the initially assumed directions for flows are correct. 
 EPANET Software 
In this study, EPANET2 is used as the hydraulic solver to compute nodal pressures hj and 
pipe flow rates Qi. It was developed by Rossman (Rossman ) and applied in many 
studies (Corte and Sorensen 2013). EPANET as a computer program can perform extended 
period simulation of hydraulics within pressurized pipe networks like water distribution 
networks. EPANET provides an environment for modelling WDN and solves the hydraulic 
Equations. 
A network consisting of pipes, nodes (either nodal demands or any pipe junctions), pumps, 
valves and storage tanks or reservoirs can be visually modelled in EPANET. EPANET 
provides an integrated environment to enter network input data, analyse the hydraulic of 
the network, and produce outputs and results in a variety of formats, such as maps, data 
tables, time series graphs, and contour plots (Rossman ). All characteristics of a given 
WDN can be simulated in the environment of EPANET in which nodes represent water 
consumption and supply points, and links represent pipes. Elevations and demands are 
67 
 
assigned into the nodes, and length, diameter, and the Hazen-William coefficient are 
assigned into the pipes. Nodal heads and nodal pressures and discharges, velocity and head 
loss within all the pipes are part of the generated outputs of EPANET that could be 
obtained from export files.  
To model a water distribution system using EPANET, at first a network representation of 
the distribution system should be drawn, or a basic description of the network, if available 
in a text file, can be imported into EPANET. Then the variables of the network, i.e., 
diameters and roughness coefficients of pipes and demand, and elevation of nodes that 
make up the system, need to be edited. Also, the way in which the system is supposed to 
be operated has to be introduced, and a set of analysis options can be selected (Rossman 
). Finally, a hydraulic analysis is run, and the results of the analysis can be seen in the 
outputs files (Rossman ). EPANET is based on gradient method and Hazen-Williams 
formula to solve hydraulic Equations, and EPANET2 is a version of EPANET using 10.67 
as the constant in Equation 3.2. EPANET2 compared with the previous version of 
EPANET1, which uses 10.508 as the constant in Equation 3.2, will provide more 
conservative results for nodal heads (pressures) (Corte and Sorensen 2013).   
3.2 Nodal Reliability Assessment 
In this section, the research question (a): “How is reliability theory used to assess nodal 
reliability? “ is answered. The reliability of a node can be defined using different 
performance criteria, such as mechanical failure (e.g. break or leakage of upstream pipes), 
hydraulic failure (e.g. low nodal pressure) and quality failure (e.g. high pH). In this study, 
the hydraulic failure with regard to nodal head (pressure) is used as follows:  
3.2.1 Limit State Function for the Node 
The acceptable performance of nodes can be mathematically expressed using a limit state 
function. Since the predefined demand has to be supplied at or over the minimum pressure 
pmin, the limit state G(x) for each node j, in which x represents the random variables, can 
be written as: 
G(x) = pj  – pmin    ≥ 0                                                                                                       (3.14)               
Or         
 G(x) = pj    ≥ pmin                                                                                                                                                                   (3.15)               
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where pj is nodal pressure at node j and pmin is the minimum required pressure determined 
by the water authority. 
The nodal head hj at each node is the summation of pressure energy due to pj, potential 
energy or elevation energy due to nodal elevation zj, and kinetic energy (due to velocity vj 
at node j which is usually small and ignorable) as: 
hj = pj+ zj + v
2
j/2g                                                                                                           (3.16) 
Therefore, pressure pj in Equations 3.14 or 3.15 can be computed from pj = hj - zj using 
Equation 3.16. 
It should be noted that the nodal elevation zj is known, and the nodal head hj is obtained 
from the gradient method (Section 3.2.2). As mentioned, vj is often able to be ignored, as it 
is rarely above 2 m/s, and it is calculated from pipe flow which is also obtained using the 
gradient method. 
From Equation 3.16 and hydraulic analysis of the WDN, shown in Equations 3.1 and 3.2, 
the limit state function G(x) for a node is a function of several variables as: 
G(X)=pj-pmin=G(pj, pmin)≥0                                                                                            (3.17) 
         =G(hj, zj, vj, pmin ) ≥ 0 
        =G(nodal demand, pipe roughness, nodal elevation, pipe diameter, pipe length, pmin) 
When network variables change, G(x) will be affected. Since pipe diameter, pipe length 
and nodal elevation are not likely to change during the operation of WDN, the focus of this 
study is on the impact of random changes of nodal demand and pipe roughness on nodal 
reliability.  
3.2.2 Modelling Uncertainty in Nodal Demand and Pipe Roughness 
Coefficient 
Nodal demand might deviate from design value during the operation of WDN. Any 
unforeseen increase in nodal demand could result in the failure of nodal pressure. Accurate 
prediction of nodal demand during operation is virtually impossible due to the involvement 
of many uncertain variables, such as weather, climate change, water saving technology, 
charasteristics of endusers and human attitudes and behaviours. In this study, normal 
distribution as a commonly used probability distribution function (PDF), as shown in 
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Table 2.3, is used to represent the uncertainty of nodal demands in this study. Normal PDF 
usually results in relatively accurate estimation of demands (Babayan, Kapelan et al. 
2005). The mean value in normal distribution is the design value of nodal demand, and 
coefficient of varaiton (COV) in Normal distribution can be assumed or obtained from 
analysis of past data of nodal demand. In this study, the effect of COV on nodal reliability 
is investigated; thus COVs of 0.1, 0.2 and 0.4 as the commonly used values in the 
literature are used to describe the degree of uncertainty of nodal demand. 
Pipe roughness coeffcients might also deviate from design values during operation of 
WDN. Any increase in pipe roughness is expressed with smaller coefficient Ci in Hazen-
williams formula Equation 3.2. Based on the equation, the decrease in pipe roughness 
coefficinet could result in higher head loss, and consequently might lead to failure of nodal 
pressure. Similar to nodal demands, accurate estimating the pipe roughness coefficinets 
during operation is not straight forward due to the involvement of many factors such as 
corrosion and sediment.  
In this study, normal distribution is also used to represent the random characterstics of pipe 
roughness. Although the performance of WDN is not sensitive to the type of PDF of 
random pipe roughness coefficients for COVs less than 0.4 (Bao and Mays 1990), Normal 
distribution is commonly used as a probability distribution function (PDF) of random pipe 
roughness coefficients, as shown in Table 2.3. The mean value in Normal distribution is 
the design value of the pipe roughness coefficent, and value of COV can be assumed or 
obtained from experimental data.  Since the effect of the COV of pipe roughness on nodal 
reliability is investigated in this study, three values of COVs  – 0.1, 0.2 and 0.4 – are used 
based on the literature to describe the degree of uncertainty of pipe roughness.  
In this study, the reliability of the WDN is calculated under uncertain nodal demands and 
pipe roughness for one year of operation. Therefore, normal distributions of nodal 
demands and pipe roughness coefficients express uncertainties at one year of operation. 
That is, uncertainties are assigned to deterministic nodal demands and  deterministic pipe 
roughness coefficients which are predicted for one year of operation. 
Since end-users of WDNs follow similar patterns affected by common weather and cliamte 
change, correlations between nodal demands are considered in this study (Babayan, Savic 
et al. 2005), (Filion, Adams et al. 2007). The value of 0.5 is assumed as the correlation 
coefficient between any two nodal demands; this value represents the effect of common 
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influences such as weather (Babayan, Savic et al. 2005). Moreover, since similar pipes are 
used under similar water flow condition, a value of 0.5 is also assumed as the correlation 
coefficient between any two pipe roughness coefficients. It is obvious that the nodal 
demand and pipe roughness coefficients are not related together. 
To compare the impact of correlation in design parameters on the reliability of a given 
WDN, reliability measures obtained under correlated variables are compared with 
reliability measures obtained under uncorrelated random variables.  
3.2.3 Monte Carlo Simulation 
Due to two sets of hydraulic equations of the WDN, namely Equations 3.1 and 3.2, there is 
generally no exact solution to describe the dependency of nodal pressure pj on network 
variables. An approximate practical solution is often used. Therefore, in this study, a 
Monte Carlo Simulation (MCS) is used to compute the nodal reliability.    
MCS involves randomly sampling a large number of events to obtain the results. The 
sampling of events means randomly selecting each random variable Xi to produce N 
sample values xi,k. The results can then be obtained by assessing the number of trials in 
which the limit state is violated, known as „failure'. The probability of the failure of the 
node is given as: 
Pf ≈ 
          
 
                                                                                                               (3.18)               
where n is the number of trials in which limit state function is violated G(X) <0 for the 
node, and N is the number of all generated trials. The number of generated trials N 
depends on the desired accuracy for Pf, and should be larger than  500 (Bao and Mays 
1990), (Giustolisi, Laucelli et al. 2009).  For this study, the number of all generated trials 
N is chosen 1000 times (Giustolisi, Laucelli et al. 2009).   
The procedure of reliability assessment for one node using MCS consists of five steps 
(Melchers 1999): 
 Step1. Define the criterion for the acceptable performance of the node, and establish the 
limit state function for the node based on the criterion,  
Step 2. Identify random variables and their probability distribution,  
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Step 3. Generate random variates,  
Step 4. Assess the limit state function, 
Step 5. Compute the probability of failure and the reliability of the node,  
Each step is explained in the following sections. Then the practical example shown in 
Figure 3.1 is applied to demonstrate the MCS technique. 
 Limit State Function 
Equation 3.17 is used as a limit state function, G(X)=Pj-Pmin which is =G(nodal demand, 
pipe roughness, nodal elevation, pipe diameter, pipe length, Pmin) 
 Random Variables 
In the limit state function shown in Equation 3.17, elevation and minimum pressure are 
constant, and velocity is usually ignored, as it is small compared with other terms. 
Therefore, the demand of all nodes and the roughness coefficient of all pipes in the 
network are random variables in the limit state function. To simulate the random variables, 
at first, random variates (random demand xd for each node and random roughness xc for 
each pipe) need to be generated, and then a random vector from all nodal demands and all 
pipe roughness coefficients will be made. 
 Generation of Random Variates 
The inverse-transform method is applied to generate random variates xd of random nodal 
demand Xd, using its cumulative function F (which is obtained from probability 
distribution function (PDF) of random nodal demand Xd), as shown in Figure 3.3. 
Similarly, random variates xc of random pipe roughness coefficient XC can be sampled 
using its cumulative function F (which is obtained from the probability distribution 
function of random pipe roughness coefficient XC). For example, to generate a random 
sample (variate) xd from one random nodal demand Xd, the cumulative function of random 
demand F(xd) is used as: 
F(xd)=p(Xd<xd)                                                                                                               (3.19) 
where p(Xd<xd) is the probability that random variable Xd is smaller than random variate 
xd. 
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Uniform distributed 
random numbers (yi) 
) 
xd 0 
Cumulative distribution function F (xd) 
yi 
1 
Random nodal demand (x) 
The inverse transfer method requires generating a random number yi to generate random 
variate xd. Therefore take yi as: 
yi=F(xd), 0<yi<1                                                                                                             (3.20) 
Thus  
xd=F
-1
(yi)                                                                                                                        (3.21) 
Therefore, to generate a random variate xd for a random nodal demand Xd with cumulative 
distribution function F, the two following steps are taken, as shown in Figure 3.3: 
1. Produce random numbers yi from the uniform distribution U(0,1). 
2. Set and return xd = F
-1
 (yi). 
These steps are also taken to generate the random variates xC for a random pipe roughness 
coefficient XC. 
 
 
 
 
 
 
Figure ‎3.3: Inverse transform method for generation of random variates xd 
It is usually helpful to view normally distributed variables N (m, ) as the simple 
transformation of standard normal distribution N(0,1). To use N(0,1) for obtaining N (m, 
), normal distributed variables X are first generated using the inverse transform method.  
The normal distributed variables X are generated from standard normal cumulative 
distribution N(0,1) for which mean in PDF is equal to 0.00, and the standard deviation is 
1.00. Then these random variables are transformed to normally distributed variables as N 
(m, ), for which mean m in PDF equals projected variables (i.e. projected nodal demands) 
and standard deviation is the amount of variation or dispersion from the mean (i.e. the 
value of dispersion of a nodal demand from its mean value could be 10%, 20% or 40% of 
mean value. The coefficient of variation (COV) is the ratio of the standard deviation  to 
the mean ). 
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Therefore, if the random variables of N(0,1) are available as X, then random variables Z 
from N(m, ) can be obtained as: 
Z = m+ X                                                                                                                      (3.22) 
In Excel, the NORMSINV function generates a random variable from normal distribution 
N(0,1) using the inverse transfer method. NORMSINV returns the inverse of the standard 
normal cumulative distribution function (which has a mean of zero and a standard 
deviation of 1). Then normally distributed random variables from N (m, ) can be 
computed using Equation 3.22. 
 Random Vector Generation 
A random vector X = (X1, X2,…,‎Xn) is a set of random variables. When more than one 
variable is involved in analysis, we need to generate a random vector instead of only one 
random variable.  
Reliability of a WDN is supposed to be calculated under random demand at all nodes of 
the network, and simultaneously under random pipe roughness coefficient at all pipes of 
the network. Therefore, a random vector X consisting of random nodal demand at each 
consumption node and a random roughness coefficient at each pipe of the network has to 
be generated as: 
X=(Xd1,…,Xdj,…,Xdn,XC1,…,XCi,…,XCm)                                                                      (3.23) 
where Xdj is random nodal demand at node j and XCi is random roughness coefficient at 
pipe I, and n is the number of nodes and m is the number of pipes. 
- Random vector of independent variables 
When the components X1, X2,…,‎Xn are independent, the generation of the random vector is 
easy and the inverse-method is applied for each component Xi (each random variable) 
individually. Therefore, a random demand will be individually generated for each 
consumption node, and one random roughness will be individually generated for each pipe 
of network to build a random vector of nodal demands and pipe roughness coefficients.  
- Random vector of correlated variables 
However, in reality, there is a correlation between nodal demands because of similar 
patterns of water use with regard to common influential factors such as weather. In this 
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study, the correlation between pipe roughness coefficients is also assumed because it is 
likely that pipes, which are in the same region, are affected by common factors (i.e. 
corrosion). It is also clear that there is no correlation between nodal demand and pipe 
roughness, and demands and roughness are independent from each other. 
In this study, reliability is calculated for the case of un-correlation and the case of 
correlation in nodal demands and pipe roughness coefficients. From statistical theory, a 
multivariate normal random vector X (X1, …, Xn) is shown as: 
X≈ N(m, ∑)                                                                                                                    (3.24) 
in which m=(m1, …,m n) is the  mean vector and  ∑  is the (n× n) covariance matrix as 
(Filion, Adams et al. 2007):  
 
 
 
 
    
 
   
    
 
   
 
   
 …   
 
  
   
      
  
 
 
 
 
                                                                                                (3.25) 
The elements of the covariance matrix ∑ are covariance terms that measure the degree of 
correlation between any pairs of variables (Filion, Adams et al. 2007). For example,    
  
denotes the covariance between demand at Nodes 1 and 2. The correlation coefficient 
between any two nodal demands, and between any two pipe roughness coefficients is 
assumed 0.5 (Babayan, Savic et al. 2005). 
Therefore the key to generate a multivariate normal random vector X is to write it as 
(Rubinstein and Kroese 2008)  
X= m + B Z,                                                                                                                   (3.26) 
where B is a matrix such that  
BB
T
 = ∑                                                                                                                          (3.27) 
and Z is a vector of independent and identically distributed variables from standard normal 
distribution N(0,1).  
Once the covariance matrix ∑ has been defined, matrix B can be found using the Cholesky 
square root method (Rubinstein and Kroese 2008), in which B is assumed to be a lower 
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triangular. Therefore an algorithm describing the generation of a X≈N(m, ∑ ) for  nodal 
demands and also for pipe roughness coefficients is as follows: 
1. Generate (Zd1, Zd2, … , Zdn)  as independent and identically distributed nodal 
demands from N(0,1); also Generate (ZC1, ZC2, … , ZCm) as independent and 
identically distributed pipe roughness coefficients from N(0,1), 
2. Define a (n× n) covariance matrix ∑ to account for the correlation between any 
pairs of demands in a WDN with n nodes (Filion, Adams et al. 2007); and define a 
(m× m) covariance matrix ∑ to account for the correlation between any pairs of 
roughness coefficients in a WDN with m pipes. Then derive matrix B from 
covariance matrix ∑ using the Cholesky square root method. 
3. Calculate X = m + BZ 
 Limit State Function Assessment 
For each generated random vector of nodal demand and pipe roughness, the nodal pressure 
and pipe flow are then recalculated using the generated random values. Then the limit state 
Equation 3.14 is checked if it is violated for each node. 
 Compute Failure Probability and Reliability at each Node 
To estimate the probability of failure at each node j of a given water distribution network, 
1000 random vectors consisting of random demands and random roughness coefficients 
are generated and then simulated for a given WDN. Therefore, established limit state is 
analysed at node j for each random vector to check if the limit state is violated. Then the 
probability of failure of the node can be computed as: 
Pf,j=nj /N                                                                                                                         (3.28) 
where N is the total number of trials (which is here equal to 1000) and n is the number of 
trials in which limit state is violated for node j, – that is, nodal pressure is below the 
minimum required pressure: 
nj=∑I[G(X)=pj–pmin<0]                                                                                                 (3.29) 
where I is an „indicator function‟ which equals 1 if G(X) < 0 is „true‟ and equals 0 if G(X) 
< 0 otherwise. Thus Equation 3.29 identifies the number of trials in which the limit state of 
the node is violated. 
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Then the reliability Rj of each node j is simply computed as the complement of the 
probability of failure as: 
 Rj=1– Pf,j =1– (n/N)                                                                                                      (3.30) 
To generate the random vectors of nodal demand and pipe roughness coefficients, and to 
calculate the probabilistic nodal pressures, a programme code is written by MATLAB. The 
code generates 1000 random vectors and then auto calls the EPANET2 to solve hydraulic 
Equations 3.1 and 3.2 for 1000 trials (random vectors) and to produce nodal pressures as 
the output files.  
3.2.4 Numerical Example 
The practical example shown in Figure 3.1 is used to demonstrate the above methodology 
for computing the reliability at Nodes 2 and 3: 
 Limit State Function for Nodes 2 and 3: 
As minimum pressure pmin for this example is assumed as 30 m of water, the limit state 
Equation 3.14 at Nodes 2 and 3 are written as: 
G2 = p2– 30 ≥ 0 ,   for Node 2                                                                                      (3.31a)                                                                                                  
And 
G3 = p3– 30 ≥ 0 ,  for Node 3                                                                                       (3.31b) 
 Generate Three Correlated Random Nodal Demands and Four Correlated Random 
Pipes Roughness Coefficient:  
The nodal reliability is calculated for the case of independency and the case of dependency 
in nodal demands and in pipe roughness coefficients. For the case of independent 
variables, random variates are individually generated for each random variable; that is, 
random demands are individually generated for Node1, Node 2 and Node 3 and random 
roughness coefficients are individually generated for Pipe 1, Pipe 2, Pipe 3 and Pipe 4.   
A random number y is then generated from U (0, 1) using Matlab function „rand‟, e.g. y = 
0.0097. Then Excel function „NORMSINV„ is used to return the inverse of the standard 
normal cumulative distribution       as F-1 (0.0097) = -2.34. 
Then by using Z = m+δX in which m = 230 and δ= 46 (as COV = δ/m is assumed to be 
0.2), a random variate Xdj for nodal demand j is generated as: 
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X di = 230+ (46× -2.34) =122.36,     
Therefore, X d1, Xd2, Xd3 and XC1, XC2, XC3, XC4 are individually generated as: 
X d1 = 290.22 
X d2 = 264.17 
X d3 = 221.84 
X C1 = 133.91 
X C2 = 116.36 
X C3 = 144.72 
X C4 = 110.22 
Therefore the random vector consisting of seven independent random variables is as: 
X= (X d1 = 290.22, X d2= 264.17, X d3= 221.84, X C1 =133.91, X C2 =116.36, X C3 =144.72,  
X C4 =110.22) 
For the case of dependent variables, a multivariate normal random vector X≈N(m,∑) 
consisting of correlated variables is generated for nodal demands and pipe roughness 
coefficient using a Matlab Code. The mean vector for nodal demands is m= (230, 230, 
230), and the mean vector for pipe roughness coefficient is m= (130, 130, 130, 130). The 
covariance matrix ∑ for nodal demands can be computed from the correlation matrix and 
standard deviation as follows.   
If the correlation matrix for three nodal demands is R,  
R= 
       
       
       
  
and the vector of standard deviation for nodal demands is C = (46, 46, 46) (Since  =m× 
COV is 230 ×0.2 = 46), then the covariance matrix ∑ for nodal demands can be computed 
using D=Diag (C) (Diag function D for the vector of standard deviation creates a matrix 
with diagonal elements equal to the corresponding diagonal elements) and ∑ = D× R ×D 
as:  
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 D = Diag (C) = 
    
    
    
 , 
∑(for nodal demand)= 
    
    
    
     
       
       
       
   
    
    
    
   
= 
            
            
            
  
In the same procedure and using standard deviation (130  0.2= 26) for random pipe 
roughness coefficient, the covariance matrix ∑ for four pipe roughness coefficients is as:  
∑ (for pipe roughness coefficient) = 
  
     
     
     
     
   
          
          
          
          
   
     
     
     
     
 = 
 
                  
                  
                  
                  
  
Using Matlab, the multivariate normal random vector Z, consisting of correlated nodal 
demands and correlated pipe roughness coefficients, is generated as: 
X= (X d1 = 179.50, X d2= 246.01, X d3= 276.94, X C1 = 102.62, X C2 = 111.46, X C3 = 84.52, 
XC4 = 151.12) 
 Limit State Function Assessment: 
Nodal pressure at Nodes 2 and 3 is calculated for a given WDN, shown in Figure 3.1, only 
for the case of the independent random vector as an example. The gradient method 
explained in Section 3.2.2 is used, and the calculated pressures are as: 
P2 = 19.57 m                                                                                                                                                  
P3 = 30.2 m         
Therefore limit state for two nodes are: 
G2 = 19.57 – 30 <0 ,         for node 2                                                                          (3.32a)                                                                                
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and 
G3 = 30.2 – 30 > 0 ,           for node 3                                                                         (3.32b) 
Since limit state is violated for Node 2, Node 2 is failed, but Node 3 did not fail because 
the limit state was not violated at Node 3. 
 Compute Failure Probability and Reliability at Nodes 2 and 3: 
To compute failure and reliability at Node 2, 1000 independent random vectors and 1000 
correlated random vectors are generated. Then nodal pressures P2 are computed 1000 
times and limit state function is checked to see if it is violated,  
If no correlation is considered between nodal demands and no correlation between pipe 
roughness, the number of trials n in which P2 is below 30 m as:  
G2 = P2– 30 < 0                                                                                                               (3.33) 
Is equal to n2 =440, therefore:  
Pf,2=440 /1000 =0.44                                                                                                      (3.34) 
Then reliability at Node 2 is as:  
R2=1– (0.44) = 0.560                                                                                                   (3.35a) 
And in the same procedure: 
n3 =365,      
Pf,3 =365 /1000 = 0.365                                                                                               (3.34b)                                                                                                                                                                                                     
R3=1–(0.365) = 0.635                                                                                                 (3.35b) 
However, if the correlation between nodal demands is considered, and pipe roughness are 
also assumed correlated, the number of trials n in which P2 is below 30 m of water or G2 
(xq, Xc) = P2– 30 <0,   is n2 =461,  
Therefore,  
Pf,2=461/1000 = 0.461                                                                                                 (3.36a) 
Then reliability at Node 2 is as:  
R2=1– (0.461) = 0.539                                                                                                 (3.37a) 
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And in the same procedure: 
n3 =408,      
Pf,3 =408/1000= 0.408                                                                                                 (3.36b) 
R3=1–(0.408) = 0.592                                                                                                 (3.37b) 
As can been seen, both nodal reliability R2 and R3 are decreased for correlated variables 
compared when they are assumed independent. 
3.3 Sensitivity Analysis of Nodal Reliability to the Degree of Uncertainties 
In this section, research question (e): “How sensitive is reliability to design parameters? “ 
is answered for nodal reliability. From design to installation and operation, some design 
parameters of the WDN (e.g. pipe roughness and nodal demand) might change, which 
leads to the question of how nodal reliability is affected.  
It was mentioned that uncertainty in nodal demands and pipe roughness is modelled using 
given normal distribution. The predicted design values are taken as the mean value of 
probability distribution and the coefficient of variation (COV) expresses the degree of 
uncertainty. The effect of the degree of uncertainty on nodal reliability can be investigated 
by changes in the value of COV of normal distribution. Then nodal reliability is calculated 
for generated random nodal demands and pipe roughness coefficients obtained from 
normal distributions with different coefficient of variation.  
In this study, three values for COV, which are 0.1, 0.2, and 0.4, are used to generate two 
scenarios for design variables. The first case assumes all random variables are 
independent, while in the second scenario, correlation between nodal demands, and 
correlation between pipe roughness coefficients is assumed. To perform sensitivity 
analysis, the nodal reliability is calculated, as explained in Section 3.2, using MCS.  
For the numerical example, the nodal reliability at Nodes 2 and 3 under correlated nodal 
demands and correlated pipe roughness coefficients for COV =0.2 are: 
R2= 0.539                                                                                                                        
R3= 0.592                                                                                                          
When COV is increased from 0.2 to 0.4, the nodal reliability at Nodes 2 and 3 under 
correlated nodal demands and correlated pipe roughness coefficients are: 
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R2= 0.507  
R3= 0.539 
 It can be understood that the increase in the coefficient of variation  
(COV) of nodal demands and pipe roughness have decreased the nodal reliability at Nodes 
2 and 3. 
3.4 Nodal Resilience Index 
In this section, research questions (c): “How can the nodal resilience index for each node 
of a given WDN be calculated?” and (e): “How sensitive is resilience to design 
parameters?” are answered. Section 3.4.1 is specified to answer question (c), and Section 
3.4.2 is specified to answer question (e). 
3.4.1 Proposed Method for Computing Nodal Resilience Index 
The resilience index defined by Todini for the whole of the network is expressed in 
(Todini 2000) as: 
Ir,n=1– (Pint,n /Pint,n 
max
 )                                                                                                 (3.38)      
In which Pint,n 
max
 is maximum energy internally dissipated within the network when all of 
the nodal pressure is equal to the minimum required head hmin  for all predefined demands, 
and Pint,n is the internally dissipated energy within the network for delivery of predefined 
demands at design head hj greater than minimum head hmin. 
Since energy dissipated within the whole network to supply all nodes is applied to define 
the resilience index for the whole of the network, similarly, the proportion of energy 
dissipated to supply nodal demand for one specific node can be used to define the 
resilience index for that node.  
If maximum energy internally dissipated to meet minimum pressure pmin for one specific 
node is Pint,j 
max
, and internally dissipated energy for delivery of specific nodal demand at 
pressure pj is Pint,j, then resilience index Ir,j for node j can be defined as Equation 3.39 
showing the resilience index for one node of network: 
Ir,j=1–(Pint,j / Pint,j 
max
)                                                                                                     (3.39)      
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To determine dissipated energy Pint,j  and maximum dissipated energy Pint,j 
max 
, for one 
node, the basic concept is as follows: 
Available energy upstream of the consumption node j is considered as input energy Pinp,j 
into the node j and energy exiting from the consumption node j is considered as the output 
energy Pout,j   from the node j .  
Therefore: 
Pint,j = Pinp,j  - Pout,j                                                                                                                                (3.40) 
To calculate input energy Pinp,j and output energy Pout,j  at one specific node j, the 
following procedure is proposed for a given WDN design: 
1. The flow direction on all pipes in the network is determined by solving hydraulic 
Equations 3.1 and 3.2.  
2. Based on direction of flow at pipes, upstream-nodes and downstream-nodes for each 
pipe are determined; the upstream-node is the node from which pipe flow is supplied and 
the downstream-node is the node at which pipe flow is consumed and/or transferred to 
subsequent nodes. In other words, the direction of pipe flow is from upstream to 
downstream nodes. 
3. After upstream-nodes and downstream-nodes for each pipe is determined, input-pipes 
and output-pipes for specific node j must be determined. The input-pipe is the pipe for 
which the specific node j is the downstream-node. The output-pipe is the pipe for which 
the specific node j is the upstream- node. 
4. To indicate the energy PI,i which input pipe i carries towards specific node j, the 
following relation can be written for each input-pipe connected to the specific node j as:  
PI,i=γ                                                                                                                          (3.41)                                                                                                                   
where γ is the specific weight of water and     is the flow in input-pipe i and    is nodal 
head at the upstream-node.     and    are computed using the gradient method explained 
in Section 3.2.2. 
The output flow energy PO,i which an output pipe carries from the specific node j, can be 
calculated as: 
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PO,i=γ                                                                                                                          (3.42)                                                                                                     
where      is the flow in output-pipe i and     is the nodal head at node j.      and    are 
computed using the gradient method explained in Section 3.2.2. 
5. The energy which is consumed at the specific node j is Pd and can be computed as 
follows: 
Pd=                                                                                                                             (3.43) 
In which    is nodal demand at node j and    is nodal head at node j.  
6. Then total input energy Pinp,j at node j could be obtained from x number of input pipe PI,i 
connected to the specific node j as: 
Pinp,j =      PI,i                                                                                                             (3.44)                                                                                                                 
And total output energy Pout,j  at node j could be obtained from y number of output-pipes 
energy PO,i , plus energy consumed at the specific node j for predefined demand     at head  
    as. 
Pout,j =  
 
   PO,i + Pd                                                                                                     (3.45)     
7. Therefore, the total internally dissipated energy Pint,j around the specific node  j can be 
obtained using Equations 3.44 and 3.45 as: 
Pint,j=      PI,i   
 
   PO,i Pd                                                                                  (3.46)  
Which can be written as Equation 3.47 to show more details:             
Pint,j=                 
 
                                                                        (3.47)                                                                                                                                                                                                                                                                                                                                                    
8. To compute the maximum internally dissipated energy Pint,j 
max
 at node j in Equation 
3.39, the total energy which is dissipated for supplying nodal demand    at minimum 
pressure hmin has to be computed. That means hj in Equation 3.42 is replaced by a given 
hmin. Then the maximum internally dissipated energy Pint,j 
max
 can be computed as:  
Pint,j
max
=         PI,i      
 
   PO,i)  Pd,min                                                              (3.48)  
 Pint,j
max
=                
 
                                                                 (3.49)                                                                                                                                                                                                                                                                                                                                                           
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9- Finally resilience index Ir,j for node j can be obtained using  Equations 3.39, 3.47 and 
3.49. 
Table ‎3.3: The procedure of computing internally dissipated energy Pint,2 at Node 2 
Steps 1 Connected pipes to Node 2. Pipe 2 Pipe 4 
Step 2 Upstream-node at the pipe. node 1 node 3 
Step 2 Downstream-node at the pipe. node 2 node 2 
Step 3 Type of connected pipes. Input pipe Input pipe 
Step 4 
 
Pipe flow (m
3
/h) at connected pipes Q2 =184.93 Q4= 45.07 
Nodal head (m) at upstream-node h1 =48.25 h3 = 38.83 
Specific weight of water (kN/m
3
) at 20 (
0
C).  9.789 
The energy of the connected pipes (kN. m/h) (Equation 3.41or 3.42). 87346 17131.42 
 
Step 5 
 
Demand (m
3
/h) and head (m) at Node 2. q2=230 h2 = 34.84 
Energy delivered by consumption node 2 (kN. m/h) (Equation 3.43). 78441.21 
Step 6 The total input energy Pinp,2  into Node 2 (Equation 3.44). 87346+ 17131.42= 
104477.4 
The total output energy Pinp,2  to Node 2 (Equation 3.45). 78441.21 
Step 7 The total internally dissipated energy within the network Pint,2 for supplying Node 2 104477.4– 78441.21= 
26036.2 
Step 8 
 
Energy delivered by consumption Node 2 (kN. m/h) (Equation 3.43) for minimum pressure 
at Node 2 by replacing h2 = 30 in Step 5, 
67544.1 
The maximum internally dissipated energy within the network  
P 
max
 int,2 for meeting hmin (i.e. 30(m)) at Node 2.  
104477.4– 67544.1=  
36933.3 
Step 9 The resilience index for Node 2 Ir ,2 = 1– (26036.2 / 
36933.3)   = 0.30 
 
Table ‎3.4: The procedure of computing internally dissipated energy Pint,3 at Node 3 
Steps 1 Connected pipes to Node 3. Pipe 3 Pipe 4 
Step 2 Upstream -node at the pipe. node 1 node 3 
Step 2 Downstream-node at the pipe. node 3 node 2 
Step 3 Type of the connected pipe. Input pipe Output pipe 
Step 4 
 
Pipe flow (m3/h) at connected pipes (Q)3 =275.07 (Q)4 = 45.07 
Nodal head (m) at upstream-node h1 =48.25 h3 = 38.83 
Specific weight of water (kN/m
3
) at 20 (
0
C).  9.789 
The energy of the connected pipes (kN. m/h) (Equation 3.41or 3.42). 129920.9 
 
17131.42 
Step 5 
 
Demand (m
3
/h) and head (m) at Node 3. q2=230 h3 = 38.83 
Energy delivered by consumption Node 3 (kN. m/h) (Equation 3.43). 87424.58 
Step 6 The total input energy Pinp,3  Node 3 (Equation 3.44). 129920.9 
The total output energy Pinp,3  to Node 3 (Equation 3.45). 17131.42+  
87424.58=   
104556 
Step 7 The total internally dissipated energy within the network Pint,2 for supplying Node 3 129920.9–104556=  
25364.86 
Step 8 Energy delivered by consumption Node 3 (kN. m/h) in Step 5 for minimum pressure, by 
replacing h3 = 30, 
67544.1 
The total output energy Pinp,3  to Node 3. 17131.42+67544.1=  
84675.52 
The maximum internally dissipated energy within the network  
P 
max
 int,2 for meeting hmin (i.e. 30(m)) at Node 3.  
129920.9–84675.52 
= 45245.38 
Step 9 The resilience index for Node 3 Ir ,3=1– (25364.86 /45245.38)   
= 0.56 
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The Steps 1-9 of computing the nodal resilience index are illustrated for Nodes 2 and 3 of 
practical example 3.1. Tables 3.3 and 3.4 present the results for each computing step at 
Nodes 2 and 3, respectively. 
3.4.2 Sensitivity Analysis of Nodal Resilience Index 
The sensitivity analysis of the nodal resilience index is aimed at providing an 
understanding of which factors have most or least impact on the nodal resilience index. 
This understanding has some implications in the design, maintenance and operating 
decisions of a WDN. Critical areas of the network are determined based on sensitivity 
analysis results. For example, the roughness and diameter of pipes in the network may 
change, and thus the nodal resilience index will be affected. Therefore, those pipes that 
have more impact on the nodal resilience index should get more priority in design and 
maintenance.  
In a similar manner, some nodes whose change of nodal demands has more effect on the 
nodal resilience index than at remaining nodes can be determined based on sensitivity 
analysis results. Therefore, controlling the consumption at such nodes gets more attention 
in management decisions. 
The most accurate method for sensitivity analysis is to use the partial derivatives and total 
derivatives. However, this method requires the available analytical function between the 
nodal resilience index and influential factors (Cacuci 2003). Such an analytical function is 
not readily available due to the complex nature of a WDN, which has to rely on an 
iterative computational method. Alternatively, a sampling-based method has been 
developed in which the one-at-a-time (OAT) method is quite popular (Lilburne and 
Tarantola 2009). The OAT is performed by changing the value of one factor while keeping 
the remaining factors unchanged. Therefore, the popularity of the OAT is that it is 
obviously easy to understand and requires the least computational cost. However, it should 
be noted that OAT is considered local sensitivity since it does not account for the 
interaction between factors (i.e. the total sensitivity). In this study, the OAT is used for 
sensitivity analysis.  
From the definition of nodal resilience as shown in Equations 3.39, 3.47 and 3.49, both 
design variables and design parameters affect the nodal resilience index. However, the 
factors that are more likely to change during the installation and operation of the WDN, 
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include pipe diameter, nodal demand, pipe roughness and minimum required head. 
Therefore, these four factors are used in this study for sensitivity analysis of nodal 
resilience index. 
Since there are many nodes in a WDN, it is not affordable to conduct sensitivity analysis 
for all nodes. Selected nodes for sensitivity analysis are conducted as follows. In this 
study, three types of node are selected for performing sensitivity analysis: 
i. The first type of node is the far-upstream node, which is close to the supply source 
(e.g. reservoir). Change of such node and its connecting pipes are considered to 
affect the nodal resilience index in nodes middle and far downstream. On the other 
hand, these far-upstream nodes are considered to be less affected by changes in the 
middle- and far-downstream nodes. 
ii. The second type of node is the middle-downstream node, which can represent 
critical nodes in the WDN; for example, nodes that are supplied to hospitals and 
business districts. 
iii. The third type of node is far-downstream node, which is often considered to be at 
risk of low flow and low pressure if the demand at middle and far-upstream node is 
high. 
One node is selected for each type of node of a given WDN and then a sensitivity analysis 
is performed. 
The sensitivity of the nodal resilience index is analysed with regard to pipe diameter, pipe 
roughness coefficient, nodal demands and minimum pressure, as described in the previous 
paragraph. To keep consistency in changes of different parameters, the criterion is to cause 
more severe conditions for the water distribution network. Therefore pipe diameter, pipe 
roughness coefficient, nodal demands are changed in a way to cause “more head loss” 
while the minimum pressure is increased. 
The research question for sensitivity analysis is: which factor and at which location (i.e. 
far- upstream, middle- or far-downstream) affects the resilience index most or least in a 
particular node of the WDN? For example, in the numerical example 3.1, this question 
means, in what way will a change in the diameter of Pipes 1, 3 or 4 affect the nodal 
resilience index at Node 2. Furthermore, does that change of pipe diameter have more 
impact than change of pipe roughness on the nodal resilience index at Node 2? 
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For example, a 5% increase in the diameter of Pipe 1 as the upstream pipe of Node 2 has 
changed the resilience index of Node 2 from 0.3 to 0.57, while a 5% increase in the 
diameter of Pipe 3, which is also upstream of Node 2, has only changed the resilience 
index of Node 2 from 0.3 to 0.32. Therefore, Pipe 1 controlling total flow of the network 
has a larger impact on the resilience index of Node 2, compared with Pipe 3.  
Also a 5% increase in the roughness coefficient of Pipe 1 has changed the resilience index 
of Node 2 from 0.3 to 0.43. Therefore, the pipe roughness coefficient has less impact on 
the nodal resilience index, compared with pipe diameter.  
Furthermore, a 5% decrease in the demand of Node 1, as the closest node to the reservoir, 
has changed the resilience index of Node 2 from 0.3 to 0.34, and a 5% decrease in the 
demand of Node 3, in the middle of the network, has increased the resilience index of 
Node 2 from 0.3 to 0.35. 
3.5 Relation between Nodal Reliability and Nodal Resilience Index   
In this section, the research question (d): “What is the relationship between the reliability 
and resilience index? “ is answered. Providing resilience for a node is to supply the node 
with more surplus capacity than is required for meeting minimum pressures. Thus, the 
node has surplus capacity to overcome increased demand and roughness, causing an 
increase in the internal dissipated energy. Also, providing nodal resilience could improve 
nodal reliability.  
Although providing nodal resilience could increase the nodal reliability under a given 
uncertainty in nodal demands and pipe roughness, it is not clear how much resilience index 
is sufficient at each node to meet the desired level of reliability.  
Therefore, a quantitative relation between the nodal reliability and nodal resilience index is 
investigated. It is helpful for finding out about the threshold of the nodal resilience index, 
which is sufficient to meet a desired nodal reliability. This section develops a procedure to 
investigate the relation between reliability and resilience at one node of WDN. The 
procedure is proposed as follows: 
1. Nodal reliability is calculated at the specific node under random nodal demands 
and pipe roughness coefficients generated from normal distributions with known 
mean and coefficient of variation using Equations 3.19 to 3.30 demonstrated for 
practical example 3.1 in Section 3.2.3. 
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2. Resilience index is then calculated for one specific node of a given WDN design 
with predefined nodal demands and pipe roughness coefficients using Equations 
3.39 to 3.49 illustrated for practical example 3.1 in Section 3.4.1. 
3. Steps 1 and 2 are repeated for different WDN designs. Various WDN designs differ 
from each other in the diameter of the pipes as a result of design optimization, 
according to cost or other objectives. Since various WDN designs have different 
sets of pipes, different internal energy is dissipated to meet predefined demands; 
therefore nodal resilience indexes are different in various designs.  
4. After nodal reliability and nodal resilience index are obtained for some different 
designs in Step 3, the quantitative relation between nodal reliability and nodal 
resilience could be investigated using regression analysis. For this study, about ten 
designs have been suggested to be applied to a WDN layout. 
5.  Finally the effect of the degree of uncertainty on the developed relationship 
between nodal resilience and nodal reliability is investigated. Since the degree of 
uncertainty in nodal demands and pipe roughness coefficients is modelled using the 
coefficient of variation (COV) of normal distribution, nodal reliability in Steps 2 
and 4 should be calculated for generated random nodal demands and pipe 
roughness coefficients from normal distributions with different coefficients of 
variation. Then the effect of COVs on the relation between nodal reliability and 
nodal resilience index is investigated using Steps1-5. 
The relation found between the nodal resilience index and nodal reliability at each node is 
considered empirical and case-based.  
For numerical example shown in Figure 3.1, the relation between the reliability and 
resilience index of Node 2 is investigated to illustrate the procedure. To illustrate the 
procedure, three different sets of pipes were made for the network. Three additional 
Solutions 1, 2, and 3 were made by a 5%, 10%, and 15% increase in pipe diameters of the 
numerical example to be applied.  
Table 3.5 represents the reliability and resilience index of Node 2 for different layouts of 
the numerical example under correlated demand and roughness modelled using normal 
distribution, for which COV is 0.2.  
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After nodal reliability and the nodal resilience index are calculated for four solutions, data 
are analysed and a non-linear relation between the reliability and resilience index of Node 
2 is shown in Figure 3.4. 
Table ‎3.5: Reliability and resilience index of Node 2 for different set of pipes of numerical 
example of 3.1 
WDN Solutions Reliability at Node2 Resilience Index  at Node2 
The numerical example 
(shown in Table 3.1) 
0.539 
 
0.3 
Solution 1 
(5% increase in pipes diameters) 
0.725 0.67 
Solution 2 
(10% increase in pipes diameters) 
0.852 0.8 
Solution 3 
(15% increase in pipes diameters) 
0.923 0.86 
 
 
 
Figure ‎3.4: Relation between Nodal Reliability and Nodal Resilience Index at Node 2 for 
numerical example of 3.1 
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Chapter 4 
 
4. Network Reliability Assessment 
 
 
4.1 Introduction 
In this chapter, the reliability of the whole network will be assessed as a system. The WDN 
is treated as a series system in which failure of one node constitutes the failure of the 
network (Tolson, Maier et al. 2004); namely, if almost all nodes of the network have 
pressure above the minimum required pressure, but any one or more nodes of the network 
have a pressure below the minimum required pressure, WDN is considered as a failed 
system. 
In practice, it is not likely that all nodes of WDN fail at the same time but in case of any 
interest of comparison, WDN can be also treated as a parallel system in which failure of all 
consumption nodes constitutes the network failure. Namely, if all nodes of the network, at 
the same time, have pressure below the minimum required pressure (nodal failure), then 
WDN is considered as a failed system.  
In this study, the network reliability is computed as a series or parallel system under 
correlated and independent random demand and roughness. The sensitivity of the network 
reliability to the degree of uncertainty is also investigated. A relation between the 
reliability and resilience index of the network is finally explored. 
4.1.1 Significance of the Work 
In the current literature, a WDN is treated as a series system because the hydraulic failure 
of any one or more nodes is not acceptable, and failure in providing sufficient pressure at 
any one or more nodes constitutes a network failure (Tolson, Maier et al. 2004). Although 
nodal pressures might be at or above the minimum requirements at some parts of the 
network, it is possible to have deficits in nodal pressures of another part of the network. 
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Therefore, if the criterion of acceptable performance of WDN is defined as all nodes must 
have minimum required pressures, the WDN should be treated as a series system. This 
definition for a network failure results in very sceptical views on network reliability (i.e. 
low network reliability) and also implies the conservative operational scenario for the 
WDN. 
The network reliability under un-correlated and correlated nodal demands and pipe 
roughness coefficients is calculated for different designs of a WDN which have various 
levels of resilience index. Using regression analysis, a relation between network reliability 
and resilience index will be then investigated to determine the threshold of resilience index 
at which the network could meet a desired reliability for a given uncertainty in nodal 
demands and pipe roughness coefficients. 
To identify how network reliability is sensitive to the degree of uncertainty in demand and 
roughness coefficients, the sensitivity of the network reliability to the coefficient of 
variation (COV) of random demand and roughness coefficients is analysed. Also the 
sensitivity analysis of network resilience index to network variables and parameters is 
investigated to find out which factors have most and least impact on network resilience 
index.  
4.1.2 Main Assumptions 
To assess the network reliability under given uncertain nodal demands and uncertain pipes 
roughness, and to investigate the relation between network reliability and network 
resilience index, the assumptions are the same as those in Chapter 3.   
A number of design solutions for WDN which have been already designed by other 
researchers are used in this study for reliability assessment and investigation of relation 
between network reliability and resilience index. 
Also the reliability assessment is conducted for one operational year, the design values of 
nodal demand and pipe roughness coefficients are used to assess the network reliability for 
one year. Normal probability distributions function (PDF) is applied to represent 
uncertainties into nodal demands and pipes roughness coefficients. The given design 
values of nodal demand and pipe roughness are used as the mean value of normal PDFs, 
and the most common values of COV as 0.1, 0.2 and 0.4 are used for random variables. 
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The methodology can be repeated for other operational years if predicted values of nodal 
demands and pipe roughness coefficients are available. 
Finally, in assessing the network reliability and investigating the relation between network 
reliability (as series or parallel systems) and resilience index for a given design, WDN is 
assumed gravity-fed based which is comparable with published studies in the literature.  
4.1.3 Content and Structure of the Chapter 
This chapter consists of the following tasks to address research questions (b), (d) and (e) 
mentioned in Section 1.4: 
 network reliability assessment 
 sensitivity analysis of  network reliability to the degree of uncertainties in nodal 
demands and pipe roughness  
 sensitivity analysis of network resilience index to designs parameter and variables  
 the relation between network reliability and the network resilience index  
A numerical example is also applied to illustrate the computational steps for each of the 
research tasks. 
4.1.4 Numerical Example 
The numerical example shown in Figure 4.1 is the same as that in Chapter 3, and the 
characteristics of the pipes and nodes are the same as the network shown in Figure 3.1. 
Table 4.1 represents the data of the numerical example.  
 
 
 
 
Figure ‎4.1: The numerical example 
 
 
 
(4) 3 2 
Reservoir 
(1) 
1 
(2) (3) 
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Table ‎4.1: Data of the numerical example 
Node  
(ID) 
Elevation 
 (m) 
Demand  
(m3/h) 
Pipe 
(ID) 
Diameter  
(mm) 
Length 
(m) 
Roughness 
(unit-less)  
Reservoir 100 690 1 250 1000 130 
2 0 230 2 200 1000 130 
3 0 230 3 250 1000 130 
4 0 230 4 150 1000 130 
4.2 Network Reliability                                                                                                                                       
In this section, the research question (b): “How is reliability theory used to assess network 
reliability?“ is answered. The methodology of reliability assessment under uncertain 
demands and roughness is explained for WDN as a series or parallel system in Sections 
4.2.1 and 4.2.2, respectively. Then the numerical example shown in Figure 4.1 is used in 
Section 4.2.3 to demonstrate the procedures. 
4.2.1 Reliability of the Network as a Series System 
The violation of limit state at any one element of the series system may constitute the 
failure of the system (Melchers 1999). When the criterion for acceptable performance of 
WDN is defined as water at all nodes supplied with adequate pressure, the failure in 
supplying the sufficient pressure of one or more nodes implies a water distribution network 
failure. Therefore WDN is treated as a series system.  
The probability of failure of water distribution network as a series network (Pf)n,s 
composed of n nodes is as: 
(Pf)n,s =P(f1U f2U…U fjU…Ufn)                                                                                      (4.1) 
in which fj (j=1, n) is the failure event of node j represented by the limit state equation, as 
explained in Section 3. 2.1: 
Gj=Pi–Pmin≥0                                                                                                                    (4.2) 
where Pj is the pressure at node j , and Pmin is the minimum required pressure determined 
by the water authorities. 
The following steps explain Monte Carlo Simulation (MCS) for assessing the reliability of 
WDN as a series system: 
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1- The limit state function is established for each node of the network using Equation 
3.17. 
2- Random variables and their probability distribution functions (PDFs) are 
identified, random variates are generated using Equations 3.19 to 3.27. 
3- The probability of network failure is computed as follows:  
The network fails if limit state function is violated at least at one node. If any 
nodal pressure drops below the minimum required pressure, a network failure will 
occur.  
4- Steps 1 to 3 are repeated for a large number of trials i.e. 1000 vectors of random 
nodal demands and pipe roughness coefficients,  
5- The probability of network failure can be calculated as: 
             (Pf)n,s=n/N                                                                                                           (4.3) 
where N is the total number of trials (i.e. 1000) and n is the number of trials in 
which limit state equation 4.2 is violated at least for one node. 
6- The reliability of the network as a series system Rn,s is then computed as 
complement of the probability of failure (Pf)n,s: 
             Rn,s=1–(Pf)n,s                                                                                                        (4.4) 
4.2.2 Reliability of the Network as a Parallel System 
In parallel systems, the failure of any one or more elements does not necessarily mean the 
failure of the system. A parallel system fails when all of its components fail (Melchers 
1999).  
If the criterion for acceptable performance of a WDN is defined as at least one node must 
have adequate pressure, then the network fails if all nodes of the network fail. In this case, 
WDN is treated as a parallel system. Therefore the probability of failure of water 
distribution network as a parallel system (Pf)n,p composed of n nodes can be written as: 
(Pf)n,p=P(f1∩f2∩…∩fj∩…∩fn)                                                                                        (4.5) 
Similar to Equation 4.1, fj (j=1, n) is the failure event of node j represented by limit state 
equation 4.2. 
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The following steps explain MCS for assessing the reliability of WDN as a parallel system. 
All steps except Step three are similar to the methodology of series system. 
1- The limit state function is established for each node of the network using 
methodology explained in Sections 3.2.1 of Chapter 3. 
2- Random variables and their PDFs are identified, and random variates are then 
generated using the methodology explained in Section 3.2.3 of Chapter3.  
3- The probability of network failure is computed as follows: 
The network will fail when limit state is violated at all nodes; namely, if all nodal 
pressures drop below the minimum required pressure, the network will fail.  
4- Steps 1 to 3 are repeated for a large number of trials  i.e., 1000 vectors of random 
nodal demands and pipe roughness coefficients,  
5- The probability of network failure as a parallel system Pf,n,p can be calculated: 
            (Pf)n,p=n/N                                                                                                            (4.6) 
where N is the total number of trials and n is the number of trials in which limit 
state equation 4.2 is violated for all nodes. 
6- The reliability of the network as a parallel system Rn,p is then computed as a 
complement of the probability of failure (Pf)n,p: 
             Rn,p=1–(Pf)n,p                                                                                                       (4.7) 
4.2.3 Numerical Example 
The numerical example shown in Figure 4.1 is used to demonstrate the methodology 
explained in Sections 4.2.1 and 4.2.2. 
 WDN as a Series System 
The probability of failure of the water distribution network shown in Figure 4.1 as a series 
network (Pf)n,s composed of three Nodes 1, 2, and 3 is as: 
(Pf)n, s = P (f1 U f2 U f3)                                                                                                    (4.8)                                                                                             
In which f1, f2, and f3 are nodal failure events at Nodes 1, 2 and 3, respectively, therefore: 
(Pf)n,s = P (G1 < 0  U G2 < 0  U G3 < 0 )                                                                          (4.9) 
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 Or  
(Pf)n, s = P ( P1 <30 U P2 <30 U P3 <30)                                                                        (4.10) 
Then MCS is applied to compute the probability of network failure as follows: 
1- Firstly uncorrelated random nodal demands and pipes roughness coefficient, and 
then correlated random nodal demands and pipes roughness coefficient are 
generated as explained in Section 3.2.3. 
The independent case is: 
X d1 = 290.22 
X d2 = 264.17 
X d3 = 221.84 
X C1 = 133.91 
X C2 = 116.36 
X C3 = 144.72 
X C4 = 110.22 
The correlated case is: 
X d1 = 179.50 
X d2=246.01 
X d3= 276.94 
X C1 =102.62   
X C2 = 111.46 
X C3 = 84.52 
X C4 = 151.12 
2- Then limit state is established for Nodes 1, 2 and 3 as: 
G1 = P1– 30 ≥ 0,    for Node 1,                                                                                     (4.11a)                                                                                                 
G2 = P2– 30 ≥ 0,   for Node 2,                                                                                     (4.11b)                                                                                               
G3 = P3– 30 ≥ 0,   for Node 3,                                                                                      (4.11c) 
97 
 
3- The Limit state at Nodes 1, 2 and 3 are then checked to assess if the network fails 
as a series system. Three nodal pressures P1, P2 and P3 under independent random 
vector X are as: 
P1= 38.57 m                                                                                                                                                      
P2 = 19.57 m                                                                                                                                                  
P3 = 30.2 m         
Therefore: 
G1 = 38.57 –30>0,   for Node 1,                                                                                                        
And   
G2 = 19.57 – 30 <0 ,  for node 2,                                                                                                        
And 
G3 = 30.2 – 30 > 0 ,    for node 3,      
Since Node 2 failed, the network is also considered to have failed.   
4- Then Steps 1 to 3 are repeated 1000 times. 
5- After generating 2000 random vectors of nodal demands and pipe roughness 
coefficients (1000 vectors of uncorrelated and 1000 vectors of correlated 
variables), the probability of network failure as a series network (Pf)n,s can be 
calculated as follow: 
If no correlation is considered between nodal demands and no correlation between pipe 
roughness, the number of trials n in which at least one nodal pressure Pj is below 30m of 
water or G(X) = Pj– 30 < 0 is n =441, 
 Therefore,  
(Pf)n,s =441 /1000 =0.441                                                                                             (4-11d) 
6- Then the reliability of the network as a series system under un-correlated variables 
can be computed as:  
Rn,s =1– (0.441) = 0.559                                                                                               (4-11e) 
However, if correlation is considered between all nodal demands, also all pipe roughness 
coefficients are treated as the correlated variables, then the number of trials n in which at 
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least one nodal pressure Pj  is below 30 m of water (0.2942 MPa)  or G (X) = Pj – 30 < 0 is 
n =461,  
Therefore:  
(Pf)n,s =461/1000 = 0.461                                                                                              (4-11f) 
And network reliability as a series system under correlated variables is:  
Rn,s =1– (0.461) = 0.539                                                                                               (4-11g) 
As can be seen from the results, when WDN is treated as a series system, the network 
reliability Rn,s under correlated variables is smaller than the network reliability under  
independent variables. 
 WDN as a Parallel System 
The probability of the failure of the water distribution network, shown in Figure 4.1 as a 
parallel system (Pf)n,p composed of three Nodes 1,2, and 3 is: 
(Pf)n, p = P (f1 ∩ f2 ∩ f3)                                                                                                  (4.12)                                                                                  
In which f1, f2, and f3 are nodal failure events at Node1, 2 and 3, therefore: 
(Pf)n,p = P (G1 < 0  ∩ G2 < 0  ∩ G3 < 0 )                                                                       (4.13) 
 Or  
(Pf)n, p = P ( P1 <30 ∩  P2 <30 ∩  P3 <30 )                                                                     (4.14) 
The MCS is then applied to compute the probability of network failure as follows: 
1- The independent and correlated random nodal demands and pipe roughness which 
were already generated are applied.   
2- The limit state is established for Nodes 1, 2 and 3 as: 
G1 = P1– 30 ≥ 0,          for node 1,                                                                               (4.15a)                                                                                            
G2 = P2– 30 ≥ 0,          for node 2,                                                                               (4.15b)                                                                                           
G3 = P3– 30 ≥ 0,          for node 3,                                                                               (4.15c)       
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3- Then limit state at Nodes 1, 2 and 3 are controlled to assess whether network fails 
as a parallel system. Three nodal pressures P1, P2 and P3 under correlated random 
vector X are: 
P1= 16.5 m 
P2= -8.93 m 
P3= -8.1 m 
Therefore: 
G1 =16.5 –30<0,                                                                                             for node 1                                                                                                        
And 
G2 = -8.93 –30<0,                                                                                          for node 2                                                                                                        
And 
G3= -8.1 –30<0,                                                                                             for node 3  
Since all nodes are failed, the network (as a parallel system) is considered to be failed.   
4- Then Steps 1 to 3 are repeated 1000 times. 
5- After generating 2000 random vectors of nodal demands and pipe roughness 
coefficients (1000 vectors of uncorrelated and 1000 vectors of correlated 
variables), the number of trials n in which all P1 and P2 and P3 are below 30 m of 
water (0.2942 MPa) are determined to compute the failure of WDN as a parallel 
system (Pf)n,p,. 
If nodal demands and pipe roughness are assumed un-correlated, the number of trials n in 
which all nodal pressures Pj are below 30 m of water  or G(X) = Pj– 30 < 0 is n =243,  
Therefore:  
(Pf)n,p =243/1000 =0. 243                                                                                      (4.15d)                                                                                            
Then the reliability of the network as a parallel system is:  
Rn,p =1– (0. 243) = 0.757                                                                                      (4.15e)                                                                                            
However, when correlation is considered between nodal demands, and also between pipe 
roughness, the number of trials n in which all nodal pressures Pj are below 30 m of water 
or G = Pj– 30 < 0 is n =283,  
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Therefore:  
(Pf)n,p =283/1000 = 0. 283                                                                                      (4.15f)                                                                                            
6- Then network reliability is:  
Rn,p =1– (0. 283) = 0.717                                                                                            (4.15g)                                                                                            
Similar to a WDN as a series system, when a WDN is treated as a parallel system Rn,p , the  
network reliability under correlated variables is smaller than network reliability under 
independent variables. 
4.3 Sensitivity Analysis of Network Reliability to the Degree of Uncertainties 
In this section, research question (e): “How sensitive is network reliability to design 
parameters? “ is answered. Similar to the sensitivity analysis of nodal reliability, the 
impact of the degree of uncertainty on network reliability can also be analysed by 
changing the coefficient of variation (COV) of random demands and roughness 
coefficients. The sensitivity analysis aims to identify how the degree of uncertainty affects 
the reliability of the whole network as a series or parallel system. 
The procedure which was explained for network reliability assessment in Sections 4.2.1 
and 4.2.2 is used for the sensitivity analysis of network reliability but different values of 
COV should be applied. The network reliability is calculated under correlated and 
uncorrelated random nodal demands and pipe roughness coefficients generated from three 
values of COV as 0.1, 0.2, and 0.4.  
For the numerical example, the reliability of the network as a series or parallel system 
under correlated nodal demands and correlated pipe roughness coefficients with COV =0.2 
are: 
Rn,s =0.539 
Rn,p = 0.717 
When COV is increased from 0.2 to 0.4, the network reliability as a series or parallel 
system under correlated nodal demands and correlated pipe roughness coefficients are: 
Rn,s =0.504 
Rn,p = 0.617 
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It can be understood that the increase in the coefficient of variation  
(COV) of nodal demands and pipe roughness has decreased the network reliability. 
4.4 Resilience Index for Network 
In this section, computing the network resilience index is explained and research question 
(e): “How sensitive is network resilience index to design parameters?” is answered.  
4.4.1 Computing Resilience Index 
The resilience index defined by Todini (Todini 2000) for the whole network is:  
Ir,n=1–(Pint,n / Pint,n 
max
)                                                                                                   (4.16)      
in which Pint,n 
max
 is the maximum energy internally dissipated within the network to 
supply the predefined demands at minimum pressure pmin, and Pint,n is internally dissipated 
energy within the network for delivery of predefined demands at pressure pj (current or 
design pressure) greater than minimum pressure pmin. 
Pinp,n= Pint,n+ Pout,n                                                                                                                                                             ( 4.17) 
Therefore, the internally dissipated energy within the network Pint,n for supplying all nodes 
can be obtained as follows: 
Pint,n = Pinp,n  - Pout ,n                                                                                                                                                          (4.18) 
From the theory of hydraulics, the total input energy to the network is: 
Pinp,n = γ       
 
                                                                                                       (4.19)                                                                                                                                             
where γ is the specific weight of water, and Qk is the discharge from each reservoir, and hk 
is head at each reservoir node k which is the elevation of the reservoir, and r is the number 
of reservoirs. 
The total output energy Pout,n from the network can be calculated by summation of the total 
energy delivered at all consumption nodes: 
(Pout)n=γ       
 
                                                                                                           (4.20)                                                                                                                                        
where    is given nodal demand at node j, and    is nodal head, and n is number of nodes. 
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Using Equations 4.18 to 4.20, the total energy dissipated within the network Pint,n can be 
calculated as: 
 Pint,n= γ        
 
   -       
 
   ]                                                                              (4.21) 
The maximum energy dissipated within the network Pint,n 
max
 to supply minimum head hmin 
(=Pmin+Z+V
2
/2g as per Equation 3.16) at all nodes can be calculated as follows:  
If the minimum required head hmin is to be met at all nodes, the maximum energy 
dissipated within the network Pint,n 
max
 can be written using Equation 4.18 as: 
Pint,n 
max
 = Pinp,n  - Pout,n 
min
                                                                                             (4.22) 
And the total minimum energy which is delivered at consumption nodes is: 
Pout,n 
min
=γ         
 
                                                                                                   (4.23) 
Also, the total input energy to the network is: 
Pinp,n = γ       
 
                                                                                                       (4.24)                                                                                                                                             
Therefore, using Equations 4.22, 4.23, and 4.24 the maximum energy internally dissipated 
Pint,n
max
 to meet the minimum required heads hmin can be computed as: 
Pint,n 
max
=γ        
 
   –        
 
   )                                                                       (4.25) 
Then, the resilience index for network Ir,n can be calculated using Equations 4.16, 4.21 and 
4.25. After appropriate substitution, the resilience index for network Ir,n can be written as: 
Ir,n=           
 
     /        
 
            
 
                                               (4.26)     
The methodology for the resilience index will be illustrated for the network of Figure 4.1 
as follows: 
By using pipe flows and nodal heads computed in Section 3.2.2 as h1 =48.25, h2 = 34.84, 
h3 = 38.83, Q1= 690, Q2=184.93, Q3=275.07, Q4=45.07: 
Pinp,n = 9.789 × 690  × 100 =675441                                                                             (4.27) 
And: 
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Pout,n=γ      
 
    = γ (                    9.789 × [(230 × 48.25) + (230 × 
34.84) + ( 230 × 38.83)] = 274499                                                                                 (4.28) 
Therefore:  
Pint,n = γ        
 
    -       
 
   ) = 675441- 274499= 400942                                (4.29)                                                                                                                                            
Then maximum internally dissipated energy within the network Pint,n 
max 
 is computed for 
hmin=Pmin=30 m of water (nodal elevation is zero and kinetic energy V
2
/2g is ignored) as: 
Pout,n  
min
  = γ        
 
     = γ (                         9.789 × [3 × ( 230  × 
30)] =202632                                                                                                                  (4.30) 
And, 
Pint,n
max
=γ        
 
   –        
 
   )=675441-202632=472809                              (4.31) 
Therefore, the resilience index for the network can be obtained as: 
Ir,n=1– (Pint,n /Pint,n
max
 )  = 1 – (400942 / 472809)=0.152                                               (4.32) 
4.4.2 Sensitivity Analysis of Network Resilience Index to Operational 
Parameters of WDN 
The factors that are more likely to change during the installation and the operation of a 
WDN, include the pipe diameter, demand at nodes and pipe roughness. From the definition 
of the resilience index shown in Equation 4.26, such factors could have an impact on the 
resilience index of the network. Therefore sensitivity analysis of network resilience index 
aims to provide understanding of which factors cause most or least impact on the network 
resilience index. 
Similar to the sensitivity analysis of the nodal resilience index, understanding of the 
sensitivity of the network resilience index to design variables and parameters has 
implications in the design, maintenance and operation of the WDN. The critical areas of 
the network in terms of pipes and consumption nodes can be determined based on the 
results of sensitivity analysis. Pipes which have more impact on resilience index should 
receive more attention in design and be the priority of maintenance, and controlling nodal 
demands where changes have a severe impact on the resilience index should receive more 
attention in management decisions. 
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For sensitivity analysis, pipes located at the nearest and furthest distances from the 
reservoir and in the middle of the network are chosen. For example, in Figure 4.1, the 
sensitivity of the resilience index is analysed with regard to the diameter and roughness 
(separately) of Pipes 1, 3 or 4. Also the nodes which are at the nearest and furthest 
distances to the reservoir, also those nodes that are in the middle of the network, should be 
selected for performing sensitivity analysis of the whole network. For numerical example, 
Nodes 1 and 3 can be changed to analyse how the network resilience index has changed. 
The sensitivity of the network resilience index can be analysed for the decrease in pipe 
diameter and pipe roughness coefficient, and the increase in nodal demands and minimum 
required pressure to analyse situations in which a larger head is lost or a higher 
requirement is essential. Or for the increase in pipe diameter and pipe roughness 
coefficient, and the decrease in nodal demands and minimum required pressure to analyse 
situations in which smaller head is lost or a lower requirement is essential. The one-at-a-
time (OAT) method is used for the sensitivity analysis of the resilience index for the whole 
network, similar to the sensitivity analysis of the nodal resilience index.  
For example, a 5% increase in the diameter of Pipe 1 as the closest pipe to the reservoir 
changed the resilience index of the network from 0.152 to 0.303, while a 5% increase in 
the roughness coefficient of Pipe 1 has changed the network resilience index from 0.152 to 
0.209. Therefore the pipe roughness coefficient has less impact on the network resilience 
index, compared with pipe diameter.  
Moreover, a 5% increase in the diameter of Pipe 3 as the pipe located at the middle has 
only changed resilience index of Node 2 from 0.152 to 0.157. Therefore Pipe 1 controlling 
total flow of the network has a larger impact on the resilience index of the whole network 
compared with Pipe 3.  
Furthermore a 5% decrease in demand for Node 1, as the closest node to the reservoir, has 
changed the network resilience index from 0.152 to 0.168, and a 5% decrease in demand 
of Node 3, in the middle of the network, has increased the resilience index of the network 
from 0.152 to 0.172. 
4.5 Relation between Network Reliability and Resilience index  
In this section, the research question (d): “What is the relationship between the reliability 
and resilience index? “ is answered. In addition to analysing the influence of the 
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probabilistic nature of nodal demands and pipe roughness on the hydraulic reliability of a 
WDN using reliability theory, a relation between two measures of reliability and the 
resilience index could be investigated using reliability assessment.  
The supplied resilience for the network proposed by Todini (Todini 2000) provides an 
intrinsic capacity for the network which can generally contribute to improving the network 
reliability. In fact, providing the resilience for a WDN is to supply surplus power for the 
network to handle the increased demands and roughness tending to increase internally 
dissipated energy.  
However, the threshold of the network resilience index, which can meet a specific level of 
network reliability, is not known for a water distribution network under given uncertain 
demands and roughness. If a mathematical relation between network reliability and the 
resilience index can be found, then the threshold of the resilience index, which is sufficient 
to meet a desired level of network reliability, can be determined. 
To investigate the relation between reliability and the resilience index of the whole WDN, 
the methodology is similar to the methodology of relation between nodal reliability and 
nodal resilience as: 
1. The network reliability Rn,s or Rn,p is calculated for a given WDN design under 
generated random nodal demands and pipe roughness coefficients using Equations 
4.1 to 4.4, and 4.5 to 4.7, respectively. 
2. Then the resilience index for the network Ir,n is calculated for a given WDN design 
(a given set of pipes) under deterministic design values of nodal demands and pipe 
roughness coefficients, using Equation 4.26. 
3. Step 1 is then repeated, and the reliability of the network as a series Rn,s or parallel 
Rn,p system is calculated for a limited number of designs of WDN (i.e. 10 to 15 
different designs).  
4. Step 2 is also repeated for different designs of WDN, and the resilience index for 
the network Ir,n is calculated for each design solution.  
5. After the network reliability Rn,s or Rn,p, and resilience index Ir,n are obtained for 
some (i.e. 10 to 15) different designs, a quantitative relation between network 
reliability as a series system Rn,s and network resilience index is investigated; also 
a quantitative relation between network reliability as a parallel system Rn,p and 
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network resilience index is investigated. Both of these employed regression 
analysis.   
6. Steps 1, 3, and 5 are repeated using three values of the coefficient of variation 
(COV) to analyse the effect of different degrees of uncertainties on the relation 
between the reliability and resilience index. In each step, COVs= 0.1, 0.2, and 0.4 
as the commonly used values, are used to generate different random nodal demands 
and pipes roughness. Then the effect of COV will be firstly investigated on 
network reliability, and then it is explored for a relation between the reliability and 
network resilience index.  
For example, for the numerical example shown in Figure 4.1, Table 4.2 represents the 
reliability and resilience index of the network for different layouts of the numerical 
example (as 5%, 10%, and 15% increase in pipe diameters of the numerical example) 
under correlated demand and roughness modelled using normal distribution for which 
COV is 0.2. Figure 4.2 represents the relation between the nodal reliability and nodal 
resilience index at Node 2. 
For the numerical example shown in Figure 4.1, the relation between the reliability and 
resilience index of the whole network is explored to demonstrate the procedure. To 
illustrate the procedure, three different sets of pipes, described in Chapter 3, are applied. 
Three Solutions 1, 2, and 3 are made by 5%, 10%, and 15% increases in all the pipe 
diameters of the numerical example.  
Table 4.2 represents the network reliability and resilience index of four various solutions 
for the numerical example under correlated demand and roughness modelled using a 
normal distribution for which COV is 0.2. The network is treated as a series system for this 
investigation. 
After the network reliability and network resilience index are calculated for four solutions, 
data are analysed, and a non-linear relation between reliability and resilience index of 
whole network can be seen from Figure 3.4. 
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Table ‎4.2: Reliability and resilience index of the network for different set of pipes of 
numerical example of 4.1 
WDN Solutions 
Network Reliability (as a 
series system) 
Network Resilience 
Index   
The numerical example (shown in Table 3.1) 0.539 0.152 
Solution 1(5% increase in pipe diameters) 0.725 0.326 
Solution 2 (10% increase in pipe diameters) 0.852 0.462 
Solution 3(15% increase in pipe diameters) 0.923 0.567 
 
 
 
Figure ‎4.2 : Relation between Network Reliability and Resilience Index for numerical 
example of 4.1 
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Chapter 5 
 
5. Case Studies, Results and Discussions 
 
5.1 Introduction 
In this chapter, two case studies are used to demonstrate the application of the 
methodology proposed in Chapters 3 and 4, and then the results and findings are presented 
and discussed. The applicability of the obtained results to industry is also explained at the 
end of the chapter.  
The first case is a small and simplified network named the „Two-loop network‟, and the 
second case is a large and more complicated network named the „Hanoi network‟. Since 
both networks are gravity-based, they have been chosen for the application of the 
methodology of reliability assessment in gravity-based networks. Another reason for using 
these two cases is to compare the performance of water distribution networks (WDNs) of 
different scales, as the former is a small network and the latter is a large network. The 
Two-loop network and Hanoi network have also been studied by many researchers to 
assess the performance of WDNs.  
Several design solutions for each network, taken from the literature, are applied to 
compute the reliability and resilience index at both the nodal and network levels. Then the 
sensitivity of nodal and network reliability to the degree of uncertainty in the design 
variables is analysed; also, the sensitivity of the nodal and the network resilience index is 
analysed to design variables and parameters. Eventually, the relationships between the 
„nodal reliability and nodal resilience index‟ and the relationship between the „network 
reliability and network resilience index‟ are investigated using calculated reliability 
measures and computed resilience indexes of various designs and solutions of the network. 
The methodology proposed in Chapter 3 is firstly applied for the Two-loop network to 
compute nodal reliabilities, and to analyse the sensitivity of nodal reliabilities to the 
coefficient of variation (COV) of nodal demands and pipe roughness coefficients. Then the 
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nodal resilience indexes of the Two-loop network and their sensitivity analysis are 
demonstrated. The regression analysis is then conducted to find the relation between the 
nodal reliability and nodal resilience index of the Two-loop network. Then, the 
methodology proposed in Chapter 4 is applied for the Two-loop network in order to 
compute network reliability, and to analyse the sensitivity of the network reliability and 
network resilience index. Finally, the regression analysis is conducted to find the relation 
between the network reliability and network resilience index of the Two-loop network. For 
the Hanoi network, a similar sequence is applied. Independent variables and correlated 
variables are used for the reliability assessment of the Two-loop network, but only 
correlated variables are used for the reliability assessment of the Hanoi network.  
The contents of this chapter are divided into six main sections: following this introduction, 
two case studies are described in Section 5.2; the results and discussions for the Two-loop 
and Hanoi networks are then presented in Sections 5.3 and 5.4, respectively; in Section 
5.5, the results for the two cases are compared; finally, the application of results to 
industry is discussed in Section 5.6. 
5.2 Description of Cases 
5.2.1 Two-loop Network 
The layout of the Two-loop network is adopted from Alperovits and Shamir (Alperovits 
and Shamir 1977). This gravity-run network, shown in Figure 5.1, consists of one reservoir 
and 6 consumption nodes whose elevations and demands are given in Table 5.1. There are 
8 pipes which have the same length of 1000 m long and the same Hazen-Williams 
roughness coefficient of 130 (unit less). The minimum pressure required for full demand 
satisfaction is specified to be 30 m of water (0.2942 MPa). The gravity-run network 
supplies the nodal demands using the potential energy of the reservoir arising from the 
difference between the elevation of the reservoir and consumption nodes across the 
network. 
 
 
 
 
 
Figure ‎5.1 : Two-loop network 
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Table ‎5.1: Elevation and demand of nodes of Two-loop network 
Node Elevation (m) Demand (m3/h) 
1 (Reservoir) 210 -1120 
2 150 100 
3 160 100 
4 155 120 
5 150 270 
6 165 330 
7 160 200 
 
Todini (Todini 2000), Prasad and Park (Prasad and Park 2004) have used the layout of the 
Two-loop network shown in Figure 5.1 to design this water distribution network. They 
have applied a two-objective optimization to minimise the cost and maximise the 
resilience index for the network. The single-objective optimization approach aims only to 
minimise the cost of the WDN subject to constraints (i.e. minimum nodal pressures). 
Todini applied a heuristic optimization (Todini 2000), and Prasad and Park applied a 
genetic algorithm to find a set of Pareto solutions in the two-objective space (Prasad and 
Park 2004). A solution is Pareto optimal if none of the objective functions (cost and 
resilience index) can be improved in value without degrading the other objective value.  
Three Designs –1, A, and B – designed by Todini (Todini 2000), and ten Designs – C to L 
– designed by Prasad and Park (Prasad and Park 2004), as shown in Table 5.2, have been 
chosen for this study. Each column of Table 5.2 indicates pipe sizes of one design which 
has a specific level of cost and resilience index for the network.  
Table ‎5.2: Different designs of Two-loop network 
Pi
pe 
ID 
Pipe diameters (inch) 
Singl
e 
objec
tive  
Multi-objective (i.e. cost and resilience index) 
 
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des.  
L 
1 18 18 20 20 20 20 20 20 20 22 22 24 24 
2 10 16 14 14 16 16 18 18 20 18 18 24 24 
3 16 14 14 16 16 16 18 18 18 20 20 24 24 
4 4 6 8 16 14 14 2 10 14 1 10 1 24 
5 16 14 14 14 14 14 16 16 14 18 16 24 24 
6 10 1 1 16 16 14 2 3 14 6 3 1 8 
7 10 14 14 14 14 16 16 16 18 16 16 22 24 
8 1 10 10 16 16 16 12 14 16 10 12 24 24 
Ir 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
Co
st 
($) 
0.419 
*106 
0.450
*106 
0.467
*106 
0.710
*106 
0.710
*106 
0.710
*106 
0.710
*106 
0.710
*106 
0.870
*106 
0.870
*106 
0.870
*106 
3.054
*106 
3.873
*106 
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For the purpose of reliability assessment, five Designs – A, C, E, I, J and L are used, and 
for investigation of the relation between the reliability and resilience index, all thirteen 
designs are applied. The results of the reliability assessment and resilience index of 
Designs A, C, E, I, J and L are presented within the chapter, and the results of the other 
designs can be seen in Appendix A.  
5.2.2 Hanoi Network 
The Hanoi network, adopted from Fujiwara and Silva, consists of 32 nodes, 34 pipes, and 
one reservoir, as shown in Figure 5.2 (Fujiwara and Silva 1990). The minimum required 
pressure for full demand satisfaction is specified to be 30 m. Elevation and demand of 
nodes are given in Table 5.3, and length of pipes is shown in Table 5.4. All pipes have the 
same Hazen-Williams roughness coefficient of 130 (Fujiwara and Silva 1990). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure ‎5.2:  Hanoi network 
 
 
 
 
 
 
 
p8 
p19 
p30 
p31 
p32 
p33 p34 
p29 
p28 
p15 
p7 
p9 
p10 
p11 
p12 
p13 p14 
p16 
p17 
p18 
p20 
p21 
p22 
p23 
p24 
p25 
p26 p27 
p2 
n5 n4 
n12 
n11 
n22 
n16 n15 n14 
n10 
n19 
n18 
n17 
n3 
p3 
p4 
p5 
p6 
p1 
n6 
n7 
n8 
n9 
n20 
n23 
n24 
n25 n26 
n27 
n28 
n29 
n30 
n31 n32 
n21 
n13 
n2 
Reservoir 
 
112 
 
Table ‎5.3: Elevation and demand of nodes of Hanoi network 
Node 
Elevation 
(m) 
Demand 
(m3/h) 
1 100 Reservoir 
2 0 890 
3 0 850 
4 0 130 
5 0 725 
6 0 1005 
7 0 1350 
8 0 550 
9 0 525 
10 0 525 
11 0 500 
12 0 560 
13 0 940 
14 0 615 
15 0 280 
16 0 310 
17 0 865 
18 0 1345 
19 0 60 
20 0 1275 
21 0 930 
22 0 485 
23 0 1045 
24 0 820 
25 0 170 
26 0 900 
27 0 370 
28 0 290 
29 0 360 
30 0 360 
31 0 105 
32 0 805 
 
Banos, Reca et al (Baños, Reca et al. 2011) and Oliker and Ostfeld (Oliker and Ostfeld 
2013) have used the Hanoi benchmark shown in Figure 5.2 to design this water 
distribution network using multi-objective optimization. Two Designs, A and D, by Oliker 
and Ostfeld, and two Designs, B and C, by Banos, Reca et al  have been chosen for this 
study, as shown in Table 5.5. The designs are presented in increasing order of resilience 
index; Design A by Oliker and Ostfeld has the highest resilience index, while the resilience 
index of Design D is lower than that of Designs B and C by Banos, Reca et al.  
The additional Designs D1 to D6, as shown in Table 5.5, are generated by making various 
increases in pipe sizes of Design D in order to study the relation between the reliability and 
resilience index. Compared to the optimal Design D, the additional Designs D1 to D6 have 
an increased resilience index, but their cost is not minimized. This is acceptable for the 
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focus of this study. Each column of Table 5.5 indicates the pipe sizes of one design, and 
each design has the specific level of the resilience index.  
Table ‎5.4: Length of pipes of Hanoi network 
Pipe 
Begin 
Node 
End 
Node 
Length 
(m) 
1 1 2 100 
2 2 3 1350 
3 3 4 900 
4 4 5 1150 
5 5 6 1450 
6 6 7 450 
7 7 8 850 
8 8 9 850 
9 9 10 800 
10 10 11 950 
11 11 12 1200 
12 12 13 3500 
13 10 14 800 
14 14 15 500 
15 15 16 550 
16 17 16 2730 
17 18 17 1750 
18 19 18 800 
19 3 19 400 
20 3 20 2200 
21 20 21 1500 
22 21 22 500 
23 20 23 2650 
24 23 24 1230 
25 24 25 1300 
26 26 25 850 
27 27 26 300 
28 16 27 750 
29 23 28 1500 
30 28 29 2000 
31 29 30 1600 
32 30 31 150 
33 32 31 860 
34 25 32 950 
 
Five Designs A, C, D, D3 and D6 are used for the purpose of reliability assessment, and all 
ten designs are applied for investigation of the relation between the reliability and 
resilience index. The results of reliability assessment and resilience index of Designs A, C, 
D, D3 and D6 are presented within the chapter, and the results of the other designs are 
shown in Appendix B.    
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Table ‎5.5: Different designs of Hanoi network 
Pipe ID Des. A Des. B Des. C Des. D Des.D1  Des.D2  Des.D3 Des.D4 Des. D5 Des.D6  
1 40 40 40 40 
2
%
 i
n
cr
ea
se
 i
n
 p
ip
es
 o
f 
D
es
. 
D
 
5
%
 i
n
cr
ea
se
 i
n
 p
ip
es
 o
f 
D
es
. 
D
 
8
%
 i
n
cr
ea
se
 i
n
 p
ip
es
 o
f 
D
es
. 
D
 
25% 
increase 
in pipes of 
Des. D 
40 25% 
increase 
in pipes of 
Des. D 
2 40 40 40 40 40 
3 40 40 40 40 40 
4 40 40 40 40 40 40 
5 40 40 40 40 40 40 
6 40 40 40 40 40 40 40 
7 40 40 40 40 40 40 40 
8 40 30 30 40 40 40 40 
9 30 (62 m);  
40(738 m) 
30 30 40 40 40 40 
10 30 30 30 40 40 25% 
increase 
in pipes of 
Des. D 
40 
11 24 30 30 40 40 40 
12 24 20 20 40 40 40 
13 16(251m); 
20(549m) 
12 12 24 24 24 24 
14 16 20 20 40 40 40 40 
15 12 24 24 30 30 30 30 
16 12 40 40 40 40 40 25% 
increase 
in pipes of 
Des. D 
17 16 40 40 40 40 40 
18 20(427);  
24(373) 
40 40 40 40 40 
19 24 40 40 40 8% 
increase 
in pipes of 
Des. D 
40 
20 40 40 40 40 40 
21 16(491); 
 20(1009) 
24 24 30 30 25% 
increase 
in pipes of 
Des. D 
30 
22 12 16 16 24 24 24 
23 40 24 24 40 40 40 25% 
increase 
in pipes of 
Des. D 
24 30 16 20 40 40 40 40 
25 30 12 12 30 30 30 30 
26 20 30 30 24 24 24 24 
27 12 30 30 30 30 30 30 
28 12 30 30 40 40 40 40 
29 16 16 16 24 24 24 24 
30 12 12 12 20 20 20 20 
31 12 12 12 12 12 12 12 
32 16 16 16 30 30 30 30 
33 16 20 16 20(685m); 
24(175m) 
20(685m); 
24(175m) 
20(685m); 
24(175m) 
20(685m); 
24(175m) 
34 24 24 24 30 30 30 30 
Resilience   
Index 
0.18 0.2814 0.2817 0.35 0.406 
 
0.483 
 
0.549 
 
0.727 
 
0.348 
 
0.768 
 
 
5.3 Results and Discussions for Two-loop Network 
5.3.1 Nodal Reliability  
Nodal reliability of the Two-loop network has been computed using the following steps, 
comprehensively explained in Chapter 3:  
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1. Firstly, the limit state function for each node of the Two-loop network needs to be 
established using Equation 3.18.  
2. Secondly, correlated and un-correlated random demand for each node and 
roughness coefficient for each pipe need to be generated using Equations 3.19 to 
3.22. 1000 random vectors consisting of un-correlated random nodal demand for 
each consumption node, and un-correlated random roughness coefficient for each 
pipe of the network, and then 1000 random vectors consisting of correlated random 
nodal demand at each consumption node, and correlated random roughness 
coefficient at each pipe of the network are produced using Equations 3-23 to 3.27.  
3. In the third step, the limit state function of all nodes has been assessed using 
Equations 3.1 to 3.3, and 3.18.  
4. Finally, the probability of failure of each node of Two-loop network has been 
computed using Equations 3.28 and 3.29. Then the reliability of each node has 
been computed as the complement of failure probability using Equation 3.30.  
5. The numerical example provided in Section 3.2.4 of Chapter 3 demonstrates details 
of the procedure of nodal reliability assessment. 
The results of nodal reliability of the Two-loop network under correlated demands and 
correlated pipe roughness coefficients are presented in Table 5.6. The uncertainties in 
demand and roughness are modelled using the normal distribution with a coefficient of 
variation 0.2. The given demands shown in Table 5.1 are assumed as the mean value of 
random nodal demands, and the given pipe roughness 130 is assumed as the mean value of 
random pipe roughness coefficients. Tables 5.1A and 5.2A of Appendix A show the nodal 
reliabilities under un-correlated and correlated variables, respectively, for all designs of 
Two-loop network. 
Based on calculated nodal reliabilities as shown in Table 5.6, the distribution of nodal 
reliability across the network can be seen. The highest reliability is for the closest node to 
the reservoir – that is, Node 2, and the smallest reliabilities are for Nodes 6 and 7 as the 
nodes farthest from the reservoir. Also, it can be seen that nodes located at the middle of 
the network, such as Nodes 3, 4, and 5, have average values.  
Since Nodes 6 and 7 are the nodes farthest from the reservoir, the head lost within the 
pipes for supplying these nodes is larger compared with the nodes closer to the reservoir. 
Therefore the farther nodes i.e. Nodes 6 and 7 receive less energy compared with nodes 
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Nodes 
Nodal 
Reliability 
closer to the reservoir i.e. Nodes 2; thus, the probability that pressure at Nodes 6 and 7 
drops below minimum required pressure is higher.  
Also the difference between the nodal reliability of the farther nodes i.e. Node 6, and other 
nodes i.e. Node 2 is decreased for designs which have a greater resilience index. For 
example, Node 6 and Node 2 of Design A with resilience index 0.41 have a reliability of 
0.526 and 0.995, respectively, while the reliability of all nodes of Design L with resilience 
index 0.90 is about 1.00.  
Table ‎5.6: Nodal reliability of Two-loop network under correlated design parameters 
 (COV= 0.2) 
Node ID Des. A Des. C Des. E Des. I Des. J Des. L 
2 0.995 0.998 0.998 1.000 1.000 1.000 
3 0.930 0.982 0.989 0.997 0.997 1.000 
4 0.950 0.989 0.993 1.000 1.000 1.000 
5 0.949 0.993 0.996 0.999 0.999 1.000 
6 0.526 0.822 0.880 0.992 0.989 0.999 
7 0.533 0.946 0.962 0.968 0.989 1.000 
(Ir)n 0.41 0.61 0.65 0.76 0.78 0.90 
 
The reliability of six nodes, Nodes 2 to 7, of Design C of the Two-loop network under 
correlated design parameters can be seen in the bar chart shown in Figure 5.3.  
 
Figure ‎5.3: Nodal reliability of Design C of Two-loop network under COV=0.2 
5.3.2 Sensitivity Analysis of Nodal Reliability  
The sensitivity of nodal reliability to the degree of uncertainty in nodal demands and pipe 
roughness coefficients is analysed for six designs of the Two-loop network. The results of 
sensitivity analysis of other designs are presented in Table of 5.4A of Appendix A. The 
results of sensitivity analysis of all designs under uncorrelated variables are also presented 
in Table of 5.3A of Appendix A. 
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The sensitivity analysis is conducted using the five steps applied for nodal reliability 
assessment in Section 5.3.1. However the second step is repeated three times by changing 
the value of the coefficient of variation (COV), as explained in Section 3.3 of Chapter 3. 
Namely, the random nodal demands and pipe roughness coefficients are generated three 
times using the different coefficients of variation 0.1, 0.2, and 0.4. Then, the limit state 
function at each node is assessed under different random vectors, and the probability of 
failure of each node is computed for three values of COV. Finally, the nodal reliability is 
calculated as the complement of the failure probability of each node.  
As can be seen from Table 5.7, the increase in COV has led to the decrease in reliability of 
all nodes of the Two-loop network. The increase in COV means the increase in variation 
of nodal demands and pipe roughness coefficients, therefore the probability of a larger 
increase in projected design values is higher, and consequently the increase in head lost 
within the network is also larger. Therefore, the probability of nodal failure will be 
increased, and reliability will be decreased under larger COV values. 
However the effect of COV on the reliability of various nodes is not the same. For 
example, as can be understood for Design C, shown in Table 5.7, the decrease in reliability 
of Nodes 2, 3, 4, and 5 due to the increase in COV from 0.1 to 0.4 is less than 15% – more 
precisely 5%, 14%, 13%, and 11%, respectively, while the decrease in reliability of Nodes 
6 and 7 is 34% and 23%, respectively. Such a difference between decreases in nodal 
reliabilities could arise from the distance of various nodes from the reservoir. Nodes 6 and 
7 are farther from the reservoir, compared with Nodes 2 to 5, therefore the head loss within 
the network for supplying Nodes 6 and 7, and the probability of failure of Nodes 6 and 7 
under greater values of COV are higher than for Nodes 2 to 5. This difference implies that 
smaller nodal reliabilities are more sensitive to COV of random variables compared with 
larger nodal reliabilities. 
Moreover the impact of COV on nodal reliability of the designs with lower resilience 
index is more significant compared with the designs which have larger resilience index. 
For example, by comparing Design C and Design L, shown in Table 5.7, it can be found 
that the decrease of reliability of Node 3 of Design C due to the increase in COV from 0.1 
to 0.4 is 22%, whereas the decrease of reliability of Node 3 of Design L is only 3%. Also 
the decrease of reliability of Node 7 of Design C due to the increase in COV from 0.1 to 
0.4 is 26%, while decrease of reliability of Node 7 of Design L is just 3%. 
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By providing more redundancy for the network in terms of resilience index, the capacity of 
nodes to overcome greater variations (larger COVs) in random variables increases. 
Therefore the sensitivity of nodal reliabilities to COV of random nodal demands and pipe 
roughness coefficients decreases if the resilience index is increased. The sensitivity of 
nodal reliability to COV can be seen for Design C in the bar chart shown in Figure 5.4. 
Table ‎5.7: The effect of coefficient of variation (COV) on nodal reliability of Two-loop 
network under correlated nodal demands and correlated pipe roughness coefficient 
Node ID COV Des. A Des. C Des. E Des. I Des. J Des. L 
2 
0.1 1.000 1.000 1.000 1.000 1.000 1.000 
0.2 0.995 0.998 0.998 1.000 1.000 1.000 
0.4 0.918 0.954 0.954 0.939 0.97 0.979 
3 
0.1 0.997 1.000 1.000 1.000 1.000 1.000 
0.2 0.93 0.982 0.989 0.997 1.000 1.000 
0.4 0.775 0.86 0.884 0.858 0.932 0.97 
4 
0.1 0.999 1.000 1.000 1.000 1.000 1.000 
0.2 0.95 0.989 0.993 1.000 1.000 1.000 
0.4 0.777 0.866 0.886 0.909 0.95 0.975 
5 
0.1 1.000 1.000 1.000 1.000 1.000 1.000 
0.2 0.949 0.993 0.996 0.999 0.999 1.000 
0.4 0.771 0.886 0.908 0.865 0.946 0.977 
6 
0.1 0.605 0.976 0.989 1.000 1.000 1.000 
0.2 0.526 0.822 0.88 0.992 0.989 0.999 
0.4 0.46 0.644 0.696 0.771 0.844 0.945 
7 
0.1 0.622 0.999 1.000 1.000 1.000 1.000 
0.2 0.533 0.946 0.962 0.968 0.989 1.000 
0.4 0.461 0.764 0.797 0.682 0.838 0.967 
(Ir)n 0.41 0.61 0.65 0.76 0.78 0.9 
 
 
Figure ‎5.4: Sensitivity of nodal reliability of Design C of Two-loop network to COV of 
random demands and pipe roughness coefficients 
Tables 5.8 to 5.10 represent the effect of correlation in nodal demands and correlation in 
pipe roughness coefficients on nodal reliability under different COVs. As can be seen from 
Table 5.8, the correlation in nodal demands and correlation in pipe roughness coefficients 
have caused reduction in nodal reliability under COV= 0.1.  
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The results for COV= 0.2 and COV= 0.4 are somewhat different. As can be seen from 
Table 5.9, the correlation between design parameters of the water distribution network 
(WDN) has resulted in the increase of reliability of Nodes 6 and 7 of Design A. Also, as 
Table 5.10 shows, the effect of correlation on the increase of nodal reliability is more 
significant for larger COVs, such as 0.4.  The reliability measures of all nodes of Designs 
A and L, the reliability of Nodes 2, 3, and 6 of Designs C, E and J, and also the reliability 
of Node 7 of Designs C, under correlated variables, are larger than nodal reliabilities under 
independent variables. 
The effect of correlation on nodal reliability of all thirteen designs of Two-loop network 
can be seen from Tables 5.5A to 5.7A. 
Table ‎5.8: Comparison of nodal reliabilities of Two-loop network under correlated and 
un-correlated nodal demands and pipe roughness coefficients with COV= 0.1 
N
o
d
e 
ID
 
Independency and correlation between nodal 
demands and between pipe roughness 
Des. 
A 
Des. 
C 
Des. 
E 
Des. 
I 
Des. 
J 
Des. 
L 
2 
  
Independent 1.000 
Correlated 1.000 
3 
Independent 0.999 1.000 
Correlated 0.997 1.000 
4 
Independent 0.999 1.000 
Correlated 0.999 1.000 
5 
Independent 1.000 
Correlated 1.000 
6 
Independent 0.638 0.998 0.999 1.000 
Correlated 0.605 0.976 0.989 1.000 
7 
Independent 0.661 1.000 
Correlated 0.622 0.999 1.000 
 (Ir)n 0.41 0.61 0.65 0.76 0.78 0.9 
 
Table ‎5.9: Comparison of nodal reliabilities of Two-loop network under correlated and 
un-correlated nodal demands and pipe roughness coefficients with COV= 0.2 
N
o
d
e 
ID
 Independency and correlation between nodal 
demands and between pipe roughness 
Des. A Des. C Des. E Des. I Des. J Des. L 
2 
Independent 0.997 1.000 
Correlated 0.995 0.998 0.998 1.000 
3 
Independent 0.953 0.994 0.997 1.000 
Correlated 0.93 0.982 0.989 0.997 0.997  1.000 
4 
Independent 0.975 0.999 1.000 
Correlated 0.95 0.989 0.993 1.000 
5 
Independent 0.976 1.000 
Correlated 0.949 0.993 0.996 0.999 0.999 1.000 
6 
Independent 0.498 0.876 0.93 0.998 0.996 1.000 
Correlated 0.526 0.822 0.88 0.992 0.989 0.999 
7 
Independent 0.471 0.982 0.991 0.992 1.000 
Correlated 0.533 0.946 0.962 0.968 0.989 1.000 
(Ir)n 0.41 0.61 0.65 0.76 0.78 0.9 
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Table ‎5.10: Comparison of nodal reliabilities of Two-loop network under correlated and 
un-correlated nodal demands and pipe roughness coefficients with COV= 0.4 
N
o
d
e 
ID
 Independency and correlation between 
nodal demands and between pipe 
roughness 
Des. A Des. C Des. E Des. I Des. J Des. L 
2 
Independent 0.908 0.939 0.939 0.96 0.96 0.973 
Correlated 0.918 0.954 0.954 0.939 0.97 0.979 
3 
Independent 0.743 0.858 0.876 0.907 0.926 0.96 
Correlated 0.775 0.86 0.884 0.858 0.932 0.97 
4 
Independent 0.75 0.869 0.902 0.94 0.946 0.967 
Correlated 0.777 0.866 0.886 0.909 0.95 0.975 
5 
Independent 0.748 0.903 0.916 0.911 0.947 0.971 
Correlated 0.771 0.886 0.908 0.865 0.946 0.977 
6 
Independent 0.37 0.6 0.665 0.847 0.836 0.943 
Correlated 0.46 0.644 0.696 0.771 0.844 0.945 
7 
Independent 0.333 0.752 0.798 0.744 0.838 0.959 
Correlated 0.461 0.764 0.797 0.682 0.838 0.967 
 (Ir)n 0.41 0.61 0.65 0.76 0.78 0.9 
 
The bar chart shown in Figure 5.5 represents the effect of correlation in nodal demands 
and correlation in pipe roughness coefficients on nodal reliabilities of Design C under 
COV=0.2. As  can be seen from the figure, the correlation in nodal demands and 
correlation in pipe roughness coefficients have caused reduction in nodal reliabilit ies of 
Design C under COV=0.2. 
 
Figure ‎5.5: The effect of correlation on nodal reliabilities of design C of Two-loop 
network for COV =0.2 
5.3.3 Nodal Resilience Index  
The nodal resilience index is determined for the Two-loop network based on the following 
steps: first, the input energy is calculated at each node of the network using Equations 3.41 
and 3.44, and out-put energy is calculated at each node using Equations 3.42, 3.43, and 
3.45; then, the current (design) and maximum dissipated energies are calculated using 
Equations 3.48 and 3.49, respectively; finally, the nodal resilience index is calculated 
using Equation 3.39 as the complement of the ratio of current (design) dissipated energy 
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for supplying current (design) pressures to maximum dissipated energy for supplying 
minimum pressures (30 m of water). The numerical example shown in Section 3.4.1 of 
Chapter 3 demonstrates the details of the procedure. 
The calculated nodal resilience index for six designs of the Two-loop network is shown in 
Table 5.11, and results of other designs can be found in Table of 5.8A of Appendix A. For 
a given design with known network resilience index (e.g. for Design C with network 
resilience index 0.61), nodal resilience indexes are quite different between Nodes 2 to 7. 
However, the average of the resilience index of six nodes is reasonably close to the 
resilience index of the whole network, as shown in Table 5.11. It reveals that the term of 
the nodal resilience index can reasonably and accurately measure the resilience of nodes of 
the Two-loop network because the average of nodal resilience indexes is a good 
representation of the network resilience index.  
Upstream nodes (i.e. Nodes 2 and 3) always have high surplus pressure, that is, P>>Pmin, 
and thus they are not likely to fail due to pressure below the minimum required pressure. 
However, their nodal resilience indexes are not always higher than the resilience indexes 
of the middle and downstream nodes. This can be explained by the fact that the resilience 
index is not for measuring the surplus pressure, but for measuring energy efficiency for 
delivering flow demand. Improving network resilience can reduce the energy loss (the 
main benefit being due to the increase in the nodal resilience index), and also increase 
reliability (but not always, see Node 6 in Table 5.11). Increasing the resilience index 
certainly reduces energy loss from the network and also results in various levels of 
improvement of the reliability of each node. For example, the increase in the network 
resilience index from 0.61 to 0.90 will substantially increase the resilience index of all 
nodes.  
Table ‎5.11: Nodal resilience index of Two-loop network 
Node ID Des. A Des. C Des. E Des. I Des. J Des. L 
2 0.234 0.364 0.364 0.490 0.490 0.603 
3 0.382 0.512 0.548 0.650 0.734 0.928 
4 0.404 0.427 0.542 0.850 0.798 0.909 
5 0.705 0.890 0.899 0.887 0.907 0.990 
6 0.280 0.793 0.822 0.909 0.884 0.988 
7 0.209 0.905 0.911 0.770 0.870 0.996 
Average of nodal resilience 
index (Ir)j 
0.37 0.65 0.68 0.76 0.78 0.90 
(Ir)n 0.41 0.61 0.65 0.76 0.78 0.90 
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5.3.4 Sensitivity Analysis of Nodal Resilience Index  
The sensitivity of the nodal resilience index to the decrease in pipe diameters and pipe 
roughness coefficients, and the increases in nodal demands and minimum pressures, is 
analysed. At first, each parameter or variable is changed one by one and then the resilience 
index is calculated through the steps explained in Section 5.3.3. 
The results of the sensitivity of the nodal resilience index to design parameters and 
variables can be seen in Tables 5.13A to 5.24A. The resilience index is analysed for Node 
2 as the node closest to the reservoir, for Node 5 as a node in middle of the network, and 
for Node 7 as the node farthest from the reservoir of Design E of the Two-loop network.  
By comparing the percentage of changes in the nodal resilience index of Tables 5.13A to 
5.24A, two main points are revealed. The first point is that pipe diameter and nodal 
demand have the most impact on the nodal resilience index, compared with other factors. 
For example, the greatest changes in the resilience index of Node 2 are an 18% decrease 
due to a 5% decrease in the diameter of Pipe 1, and a 13.5% decrease due to a 5% increase 
in the demand of Node 2. 
Also, nodal demand has the greatest impact on the resilience index of the self-node, 
compared with the impact of demand of other nodes. For example, while a 5% increase in 
demand of Node 7 significantly decreases the resilience index of Node 7 from 0.911 to 
0.494, 5% increase in demand of Node 6 can slightly decrease the resilience index of Node 
7 from 0.911 to 0.901, as shown in Table 5.21A.  
The second point is that the nodal resilience index is generally decreased due to the 
changes in diameter, roughness, demand and minimum pressure, but there are some cases 
in which nodal resilience index is increased. For example, while a 20% decrease in the 
diameter of Pipe 1 has led to a 17.8% decrease in the resilience index of Node 7 (Table 
5.15A), a 20% decrease in the diameter of Pipe 4 has resulted in a 2.2 % increase in the 
resilience index of Node 7 (Table 5.15A).  
The reason why some changes in the resilience index are negative (the decrease in 
resilience index) while some of them are positive (the increase in resilience index) is the 
difference between changes in energy efficiency in various parts of the network. As 
mentioned, the nodal resilience index is implicitly a measure of energy efficiency for 
delivering the flow demand at one node; the latter depends on head loss within pipes 
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connected to the node. Since the change in one factor, like pipe diameter or nodal demand, 
changes head loss within all pipes of the network, it might result in higher head loss in 
some pipes and lower head loss in other pipes. Therefore, the nodal resilience index might 
increase or decrease in one node depending on how head loss changes within the pipes 
connected to the node. 
5.3.5 Relation between Nodal Reliability and Nodal Resilience Index  
Using the calculated nodal reliabilities of thirteen designs of the Two-loop network, as 
shown in Table 5.4A, and using the calculated nodal resilience index of thirteen designs, as 
shown in Table 5.8A, the relation between the nodal reliability and nodal resilience index 
under correlated nodal demands and correlated pipe roughness coefficients with different 
values of COV are presented in Figures 5.6 to 5.11.  
Using regression analysis, the mathematical formula is developed between nodal reliability 
shown as “Y” under a given coefficient of variation in design parameters, and nodal 
resilience index shown as “X”.  
Figures 5.7 and 5.9-5.11 for Nodes 3, 5, 6 and 7 show that their nodal reliabilities vary 
with changes in nodal resilience index. However it is the opposite at Nodes 2 and 4 as 
shown in Figures 5.6 and 5.8, namely the nodal resilience index varies significantly at 
Nodes 2 and 4 but their nodal reliabilities remain mostly constant.  
Such a difference arises from two properties of Nodes 2 and 4. The first property is that 
Node 2 is the closest node to the reservoir, which has high nodal reliability due to low 
energy loss. The second property is that Node 2 has two alternative pathways to deliver 
water demand, which also contributes to high nodal reliability. After Node 2, Nodes 3 and 
4 are closest to the reservoir. However, Node 4 has more alternative paths for delivery of 
water demand as compared with Node 3. Therefore, the reliabilities of Nodes 2 and 4 are 
much higher than other nodes of the network.  
As Figures 5.6 and 5.8 illustrate, the reliability of Node 2 and Node 4 under small COVs= 
0.1 and 0.2 is approximately equal to 1.00 for designs with small resilience indexes (i.e. 
Design A). Also the reliability of Node 2 and Node 4 under COV= 0.4 is above 0.90 and 
0.8, respectively, at designs with small resilience indexes (i.e. Design A). Therefore 
increasing the resilience index of Nodes 2 and 4 does not have significant impact on 
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improving the reliability of Nodes 2 and 4, as the  nodal reliability is sufficient large at 
these nodes. 
 
 
 
Figure ‎5.6 : Relation between reliability and resilience index of Node 2 of Two-loop 
network 
 
 
Figure ‎5.7 : Relation between reliability and resilience index of Node 3 of Two-loop 
network 
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Figure ‎5.8 : Relation between reliability and resilience index of Node 4 of Two-loop 
network 
 
Figure ‎5.9 : Relation between reliability and resilience index of Node 5 of Two-loop 
network 
  
  
Figure ‎5.10 : Relation between reliability and resilience index of Node 6 of Two-loop 
network 
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Figure ‎5.11 : Relation between reliability and resilience index of Node 7 of Two-loop 
network 
5.3.6 Network Reliability  
The results of the network reliability under correlated nodal demands and correlated pipe 
roughness coefficients are shown in Table 5.12.  
The two-loop network is firstly modelled as a series system, and network reliability is 
calculated. It needs to be noted that, in the current literature, the water distribution network 
is treated as a series system, i.e. the failure of one node constitutes a network failure. Then, 
for the purpose of comparison, it is modelled as a parallel system. The procedure is as 
follows: 
 The limit state function for each node of the network is established as already 
mentioned in Section 5.3.1, 
 Then the probability of failure of the Two-loop network as the series system is 
computed using Equations 4.3. For the purposes of comparison, the probability of 
failure of the Two-loop network as a parallel system can be calculated using 
Equations 4.6. 
 Then the reliability of the network is computed as the complement of the 
probability of the network failure, using Equations 4.4 and 4.7, as a series or 
parallel system, respectively. 
Table 5.12 shows, for Design A with network resilience index 0.41, that the reliability of 
the network as a series system is significantly smaller than the reliability of the network as 
a parallel system.  
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The reason why the reliability of the network as a series system is smaller than that as a 
parallel system is due to definition of reliability for two measures. While probability of 
network failure as a series system is defined as the failure of any one or more nodes, the 
probability of failure in a parallel system is defined as the failure of all nodes. Since the 
probability of failure of any one or more nodes is higher than the probability that all nodes 
fail, the probability of failure of a series system is higher than that of a parallel system. 
Therefore the reliability of the network as a series system is smaller than for a parallel 
system. In the bar chart shown in Figure 5.12, the reliability of the Two-loop network as a 
series or parallel system is given for Design C.  
As can be seen in Table 5.2, that size of pipes of Design A is small compared with other 
designs, and the resilience index is low; however, as the resilience index increases, the 
difference between the reliability of the network as a series and the reliability of the 
network as a parallel system decreases. For example, in Design L, the reliability of the 
network as a series system is only 0.001 smaller than the reliability of the network as a 
parallel system, as can be seen in Table 5.12. It can be explained that when the size of the 
pipes increases, and the resilience of the network increases, the probability of failure of 
each node decreases. Therefore, both „the probability of failure of any one or more nodes‟ 
and ‟the probability that all nodes fail‟ are low in designs with a large network resilience 
index, and thus there is no significant difference between the reliability of the network as a 
series or a parallel system. 
The results of network reliability for all thirteen designs of Two-loop network, under 
independent and correlated variables, can be seen in Tables 5.9A and 5.10A, respectively. 
Table ‎5.12: Network reliability of Two-loop network under correlated nodal demands and 
correlated pipe roughness coefficient  with COV= 0.2 
Type of WDN Des. A Des. C Des. E Des. I Des. J Des. L 
WDN as a series system 0.453 0.822 0.880 0.967 0.985 0.999 
WDN as a parallel system 0.995 0.998 0.998 1.000 1.000 1.000 
(Ir)n 0.41 0.61 0.65 0.76 0.78 0.90 
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Figure ‎5.12: Network reliability of Design C of Two-loop network 
5.3.7 Sensitivity of Network Reliability  
The sensitivity of the network reliability to the degree of uncertainty is analysed for 
designs of the Two-loop network in three steps. After the reliability of the network was 
obtained under COV=0.2, as can be seen in Section 5.3.6, then the network reliability 
assessment is repeated for other selected values of COVs. The value of coefficient of 
variation (COV) is changed to COV = 0.1 and 0.4, and the random nodal demands and 
pipe roughness coefficients are generated for the network reliability assessment. Then 
Equations 4.1 to 4.4, and 4.5 to 4.7 of Chapter 4 are applied to compute the network 
reliability as a series or parallel system, respectively.  
Table 5.13 shows the sensitivity of the reliability of six designs of the Two-loop network 
to the COV of the correlated variables. The sensitivity of network reliability of other 
designs under un-correlated and correlated variables can be seen in Tables 5.11A and 
5.12A of Appendix A, respectively. It can be seen from Table 5.13 that the reliability of all 
designs of the Two-loop network as a series or parallel system is decreased due to the 
increase in COV from 0.1 to 0.4.  
Table ‎5.13: The effect of COV on network reliability of Two-loop network under 
correlated nodal demands and correlated pipe roughness coefficient 
WDN 
modelled 
as 
COV Des. A Des. C Des. E Des. I Des. J Des. L 
Series 
system 
0.1 0.541 0.976 0.989 1.000 1.000 1.000 
0.2 0.453 0.822 0.88 0.967 0.985 0.999 
0.4 0.388 0.644 0.696 0.607 0.795 0.944 
Parallel 
system 
0.1 1.000 1.000 1.000 1.000 1.000 1.000 
0.2 0.995 0.998 0.998 1.000 1.000 1.000 
0.4 0.918 0.954 0.954 0.939 0.97 0.979 
(Ir)n  0.41 0.61 0.65 0.76 0.78 0.90 
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As Figure 5.13 shows, the decrease in the reliability of the network of Design C as a series 
system is greater than the decrease in the reliability of the network of Design C as a 
parallel system. While the increase in COV from 0.1 to 0.4 has caused a 34% decrease in 
the network reliability of Design C as a series system, the increase in COV from 0.1 to 0.4 
has only caused 5% decrease in reliability of the network as a parallel system. 
 
 
Figure ‎5.13 : Sensitivity of network reliability of Design C of Two-loop network to COV of 
correlated demand and correlated pipe roughness 
 
Also the network reliability of Design C under correlated parameters is compared with the 
network reliability under independent variables. As can be seen from Figure 5.14, the 
network reliability under correlated variables is smaller than the network reliability under 
un- correlated demand and roughness. 
 
Figure ‎5.14 : The effect of correlation on network reliability in Design C of Two-loop 
network to COV =0.2 
 
The results for all thirteen designs of the Two-loop network are shown in Appendix A. As 
can be seen in Tables 5.29A to 5.31A, the network reliability under correlated variables is 
greater than network reliability under independent demand and roughness in some designs. 
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It can be understood from the tables that the number of designs in which the network 
reliability under correlated variables is larger than the network reliability under 
independent cases increases, as COV increases. 
5.3.8 Sensitivity Analysis of Resilience Index for Two-loop Network  
The sensitivity of the resilience index of the Two-loop network to the decrease in pipe 
diameter and pipe roughness coefficient, and to the increase in nodal demand and 
minimum pressure, is analysed in this section. At first, each parameter or variable is 
changed one by one, and then the resilience index is calculated using Equation 4.26 of 
Chapter 4. 
Design E is chosen to study the sensitivity of the network resilience index to four 
mentioned variables. It can be understood from Tables 5.25A to 5.28A (in the Appendix 
A) that the network resilience index decreases if the pipe diameter and roughness 
coefficient decrease, and the nodal demands and minimum requirement of pressure are 
increased. 
The percentage of changes in the resilience index of the Two-loop network, as shown in 
Tables 5.25A to 5.28A, reveals that pipe diameter has the most impact on the network 
resilience index. Tables 5.25A and 5.26A show that Pipe 1 has the most impact, 8%, on the 
network resilience index compared with Pipes 4 and 6, which do not have a significant 
effect on the resilience index. Since Pipe 1 is the first and closest pipe to the reservoir, it 
carries and controls the total flow demand of the network. Therefore, the changes in its 
diameter or/and its roughness coefficient could have a higher impact on the resilience 
index of the network compared with other pipes.  
Table 5.27A shows that the change in other factors has a lower impact on the network 
resilience index compared with pipe diameter. For example, a 5% increase in minimum 
required pressure has resulted in a 4% decrease in the network resilience index, and 5% 
decrease in pipe roughness coefficients, and 5% increase in demand of nodes could only 
cause a maximum decrease of 2.9% and 1.1%, respectively, in the network resilience 
index. Therefore, the most influential factors on the resilience index of the Two-loop 
network are pipe diameter and predefined minimum required pressure. 
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5.3.9 Relation between Reliability and Resilience Index for Two-loop Network 
Using the calculated network reliability of thirteen designs of Two-loop network under 
correlated variables and given resilience indexes for the network as shown in Table 5.12A, 
the relation between the reliability and the resilience index of the Two-loop network is 
shown in Figures 5.15 and 5.16.  
The diagrams shown in Figures 5.15 and 5.16 represent the relation between the reliability 
and the resilience index at level of the network. Using regression analysis, the 
mathematical formula is developed between the reliability of the network under given 
COV, shown as “Y”, and the resilience index of the network, shown as “X”. These figures 
show that the level of resilience index which could meet a desired level of network 
reliability under a given COV could be determined by using the mathematical relation 
between “Y” and “X”. 
As can be seen from Figure 5.15, the relation between network reliability as a series 
system and the network resilience index is non-linear under three values of COV, and all 
non-linear equations are quadratic. The relation between network reliability as a parallel 
system and the network resilience index is also non-linear under COVs =0.2 and 0.4, while 
it is linear under the smallest value of COV 0.1.   
 
Figure ‎5.15 : Relation between resilience index and reliability for Two-loop network as a 
series system under correlated variables 
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Figure ‎5.16 : Relation between resilience index and reliability for Two-loop network as a 
parallel system under correlated variables 
 
5.4 Results and Discussions for Hanoi Network 
5.4.1 Nodal Reliability Assessment 
The nodal reliabilities of the Hanoi network have also been computed using the following 
steps, which are similar to those used for the Two-loop network. 
 Step 1, the limit state function for each node of the Hanoi network is established 
using Equation 3.18.  
 Step 2, the correlated random demand for each node and correlated random 
roughness coefficient for each pipe are generated using Equations 3.19 to 3.22, 
and then 1000 random vectors consisting of correlated nodal demands and 
correlated pipe roughness coefficients are produced using Equations 3.23 to 3.27.  
 Step 3, the limit state function is established for all nodes using Equations 3.17.  
 Step 4, the probability of failure of each node of Hanoi network is calculated using 
Equations 3.28, and 3.29. Then the nodal reliabilities have been computed as the 
complement of the probability of nodal failure using Equation 3.30. 
 The numerical example shown in Section of 3.2.4 of Chapter 3 demonstrates the 
details of the procedure of nodal reliability assessment for the Hanoi network. 
The results of the nodal reliability of five designs of the Hanoi network under correlated 
nodal demands and correlated pipe roughness coefficients with the coefficient of variation 
(COV) of 0.2 are shown in Table 5.14. The nodal reliabilities of other designs of the Hanoi 
network can be seen in Table 5.1B of Appendix B. As can be seen from Table 5.14, for 
designs which have a small resilience index i.e. Designs A and C with resilience index 
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0.18 and 0.28, respectively, the reliability of nodes farther from the reservoir is smaller 
than the reliability of nodes closer to the reservoir. The farther the nodes are away from the 
reservoir, the more the reliability of the nodes decreases. For example Nodes 2, 3, 4, 5, 18, 
19, and 20, which are close to the reservoir, have a larger reliability compared with nodes 
located at the middle of the network, such as Nodes 9, 10 and 14. Also, the farther nodes, 
like Nodes 28, 29, 30, 31, and 32, have a smaller reliability compared with other nodes.  
Since head loss within the network due to supplying the closer nodes, i.e. Nodes 2, 3, etc. 
is smaller than head loss for supplying the farther nodes, i.e. Nodes 30, 31, and 32, the 
reliability of nodes closer to the reservoir i.e. Nodes 2, 3 is larger than those that are farther 
away, i.e. Nodes 30, 31, and 32.  
 
 
Figure ‎5.17: Nodal reliability of Design C of Hanoi network under correlated variables 
 
Also, it can be seen from Table 5.14 that the difference between the reliabilities of 
different nodes is small for designs which have larger sizes (greater resilience index). For 
instance, the reliability of various nodes of Designs D3 and D6 are very close together, 
particularly for Design D6, in which all nodal reliabilities are close to 1.00.   
The reliability of nodes of Design C of the Hanoi network under correlated demands and 
correlated roughness coefficients is shown in the bar chart of Figure 5.17. 
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Table ‎5.14: Nodal reliability of Hanoi network under correlated nodal demands and 
correlated pipe roughness coefficient (modelled with normal distribution with COV= 0.2) 
Node ID Des. A Des. C Des. D Des. D3  Des.D6  
2 1.000 1.000 1.000 1.000 1.000 
3 0.891 0.891 0.891 0.975 0.998 
4 0.842 0.862 0.864 0.968 0.998 
5 0.763 0.800 0.813 0.956 0.998 
6 0.678 0.753 0.772 0.942 0.996 
7 0.646 0.738 0.763 0.934 0.996 
8 0.625 0.727 0.758 0.931 0.996 
9 0.594 0.690 0.755 0.928 0.994 
10 0.575 0.662 0.751 0.926 0.994 
11 0.557 0.629 0.746 0.924 0.994 
12 0.518 0.608 0.742 0.924 0.994 
13 0.454 0.467 0.738 0.923 0.994 
14 0.510 0.696 0.759 0.932 0.996 
15 0.492 0.710 0.759 0.932 0.996 
16 0.468 0.723 0.767 0.937 0.997 
17 0.510 0.783 0.808 0.955 0.998 
18 0.739 0.843 0.854 0.969 0.998 
19 0.866 0.877 0.877 0.973 0.998 
20 0.749 0.841 0.811 0.955 0.998 
21 0.524 0.786 0.790 0.948 0.998 
22 0.455 0.766 0.786 0.947 0.997 
23 0.664 0.640 0.769 0.937 0.998 
24 0.576 0.612 0.765 0.933 0.997 
25 0.530 0.645 0.760 0.930 0.996 
26 0.473 0.667 0.761 0.933 0.996 
27 0.452 0.681 0.764 0.935 0.997 
28 0.575 0.577 0.759 0.931 0.996 
29 0.452 0.525 0.743 0.926 0.993 
30 0.459 0.558 0.740 0.925 0.993 
31 0.461 0.571 0.740 0.925 0.993 
32 0.498 0.607 0.747 0.928 0.996 
Resilience  Index 
 for network 
0.18 0.2817 0.35 0.549 
 
0.768 
 
 
5.4.2 Sensitivity Analysis of Nodal Reliability  
The sensitivity of nodal reliability to the degree of uncertainty is analysed for the Design D 
of the Hanoi network using the five steps mentioned in Section 5.4.1. Similar to the Two-
loop network, the second step is repeated by changing the value of the coefficient of 
variation (COV). Random nodal demands and pipe roughness coefficients are generated 
using normal distribution functions for which different values of COV as 0.1, 0.2, and 0.4 
are applied. Then the probability of nodal failure is computed using Equations 3.28 and 
3.29, and the reliability is calculated using Equation 3.30 for different values of COV.  
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Table ‎5.15: The effect of coefficient of variation (COV) on nodal reliability of Design D of 
Hanoi network 
Node ID COV 0.1 COV 0.2 COV 0.4 
2 1.000 1.000 0.988 
3 0.994 0.891 0.747 
4 0.987 0.864 0.723 
5 0.974 0.813 0.690 
6 0.954 0.772 0.646 
7 0.949 0.763 0.637 
8 0.941 0.758 0.629 
9 0.935 0.755 0.624 
10 0.933 0.751 0.617 
11 0.929 0.746 0.611 
12 0.927 0.742 0.608 
13 0.924 0.738 0.604 
14 0.938 0.759 0.629 
15 0.940 0.759 0.632 
16 0.950 0.767 0.642 
17 0.973 0.808 0.670 
18 0.986 0.854 0.705 
19 0.991 0.877 0.737 
20 0.972 0.811 0.673 
21 0.967 0.790 0.654 
22 0.963 0.786 0.652 
23 0.95 0.769 0.642 
24 0.945 0.765 0.637 
25 0.939 0.760 0.626 
26 0.942 0.761 0.631 
27 0.947 0.764 0.636 
28 0.939 0.759 0.631 
29 0.929 0.743 0.618 
30 0.926 0.740 0.612 
31 0.926 0.740 0.612 
32 0.932 0.747 0.618 
Resilience  Index 
 for network 
0.35 
 
Table 5.15 shows the sensitivity analysis of the nodal reliabilities of Design D under 
correlated nodal demands and correlated pipe roughness coefficients. It can be seen that 
the reliability of all nodes of Design D is decreased due to the increase in the coefficient of 
variation of nodal demands and pipe roughness coefficients. Table 5.15 also shows that the 
effect of COV on the reliability of different nodes of the Hanoi network is not the same. 
While the increase in COV from 0.1 to 0.4 slightly reduces the reliability of Node 2 as 
1.2%, the same increase in COV leads to a reduction of about 34% in the reliability of 
Nodes 10, 11, 12, 13, or a decrease of about 32% in the reliability of Node 22, or a 
decrease of about 33% in the reliability of nodes far from the reservoir i.e. Nodes 26, 27, 
and Nodes 7 to 9.  
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As can be seen from the layout of Hanoi network shown in Figure 5.2, the consumption 
nodes located in the branches, particularly those located in the branches far from the 
reservoir, have a higher sensitivity to the degree of uncertainty in demand and roughness 
coefficient. Since such nodes are supplied by only one path, there is no alternative path to 
compensate the head loss if there is a high head loss within the pipes. The sensitivity of 
nodal reliability can be seen for Design D in Figure 5.18. 
 
Figure ‎5.18: Sensitivity of nodal reliability for Design D of Hanoi network under 
correlated variables and COV=0.2 
 
5.4.3 Nodal Resilience Index 
The nodal resilience indexes for the Hanoi network are determined in a similar manner to 
the Two-loop network, based on the following steps:  
Step1. the input energy is calculated at each node of the Hanoi network using Equations 
3.41 and 3.44; also the out-put energy is calculated at the nodes using Equations 3.42, 
3.43, and 3.45. 
Step2. the current and maximum dissipated energies are calculated using Equations 3.48 
and 3.49, respectively.  
Step3. the resilience index of each node is calculated using Equation 3.39 as the 
complement of ratio of “current dissipated energy for supplying current nodal pressures” 
to “the maximum dissipated energy for supplying minimum pressures at the nodes”. 
The numerical example shown in Section 3.4.1 of Chapter 3 demonstrates the details of the 
procedure. 
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Table ‎5.16: Nodal resilience index for the Hanoi network 
Node ID Nodal 
resilience 
index at 
Sol. A 
Nodal 
resilience 
index at 
Sol. C 
Nodal 
resilience 
index at 
Sol. D 
Nodal 
resilience 
index at 
Sol. D3 
Nodal 
resilience 
index at 
Sol. D6 
2 0.511 0.511 0.511 0.606 0.762 
3 0.038 0.038 0.038 0.074 0.175 
4 0.085 0.144 0.180 0.316 0.567 
5 0.250 0.399 0.473 0.669 0.856 
6 0.255 0.459 0.552 0.752 0.903 
7 0.674 0.860 0.906 0.960 0.962 
8 0.443 0.763 0.858 0.939 0.943 
9 0.488 0.520 0.913 0.965 0.968 
10 0.513 0.625 0.917 0.966 0.963 
11 0.549 0.663 0.926 0.971 0.971 
12 0.313 0.782 0.962 0.985 0.985 
13 * 0.0 0.083 0.982 0.993 0.993 
14 0.258 0.909 0.989 0.996 0.995 
15 0.407 0.827 0.844 0.932 0.925 
16 0.091 0.199 0.339 0.561 0.783 
17 0.125 0.455 0.588 0.765 0.899 
18 0.551 0.641 0.725 0.849 0.938 
19 0.209 0.148 0.198 0.338 0.572 
20 0.230 0.608 0.412 0.617 0.823 
21 0.179 0.798 0.921 0.965 0.964 
22 * 0.0 0.945 0.992 0.997 0.997 
23 0.320 0.284 0.680 0.841 0.941 
24 0.262 0.848 0.960 0.984 0.984 
25 0.079 0.516 0.847 0.933 0.933 
26 0.183 0.847 0.982 0.993 0.993 
27 * 0.0 0.399 0.951 0.980 0.980 
28 0.428 0.561 0.901 0.958 0.959 
29 * 0.0 0.589 0.942 0.977 0.978 
30 0.158 0.911 0.999 1.000 1.000 
31 0.027 0.250 0.893 0.956 0.957 
32 0.442 0.703 0.952 0.981 0.981 
Average of nodal 
resilience (Ir)j 
0.26 
 
0.55 
 
0.75 0.83 0.89 
Resilience  Index 
 for network 
0.18 0.2817 0.35 0.549 
 
0.768 
 
* 
The zero value for resilience index is happened because nodal design pressure for such nodes are below 30 
in the solution which is already designed i.e. design pressure at Node 22 in design A,  is 29.94 (m)., therefore 
there is no resiliency at the node. 
 
Nodal resilience indexes computed for nodes of Designs A, C, D, D3, and D6 of the Hanoi 
Network are shown in Table 5.16, and the nodal resilience index for other designs of the 
Hanoi network can be found in Table 5.2B of Appendix B. As can be seen in Table 5.16, 
the smallest nodal resilience index belongs to Node 3 controlling the whole network. It is 
interesting that the location of Node 3 of the Hanoi network is similar to the location of 
Node 2 of the Two-loop network, as both nodes control the total flow demand of the 
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network. Therefore the smallest value of resilience index belongs to the node controlling 
the total demands of the network.  
Another consideration relates to the average of calculated nodal resilience indexes of the 
Hanoi network. Although the average of nodal resilience indexes of Design solution D6 is 
close to the resilience index of the network, the average of nodal resilience indexes of 
other designs is higher than that of the network resilience index. From Table 5.16, it can be 
understood that the difference between the average of the nodal resilience indexes, and the 
network resilience index is small for designs which have a large network resilience index, 
such as Design D6 with a network resilience index of 0.77, however, the average of nodal 
resilience indexes of designs which have a small network resilience index such as Designs 
A to D.  
5.4.4 Sensitivity Analysis of Nodal Resilience Index  
The sensitivity of the nodal resilience index to the decrease in pipe diameter and pipe 
roughness coefficient, and to the increase in nodal demand and minimum pressure, is also 
analysed for nodes of the Hanoi network. Similar to the Two-loop network, each parameter 
or variable is changed one by one, and then the resilience index is calculated for each 
node.  
The responses of the resilience index of Nodes 2, 13, and 25 of Design D of the Hanoi 
network to the decrease in pipe diameter and pipe roughness coefficient, and to the 
increase in nodal demand and minimum pressure, are shown in Tables 5.3B to 5.18B of 
Appendix B. It can be seen that the most influential factors on the nodal resilience index 
are the demand of the node and pipe diameters.  
As can be seen from Tables 5.3B to 5.5B, the diameter of pipes which are immediately 
located at the upstream of nodes has the most impact on the nodal resilience index. For 
example, as can be seen from Tables 5.3B to 5.5B, the changes in the diameter of Pipes 1, 
12, and 26 have the most impact on the resilience index of Nodes 2, 13, and 25, 
respectively.  
Moreover, as can be seen from Tables 5.9B to 5.11B, the resilience indexes of the nodes 
are more sensitive to the changes in demand of these nodes, as compared with changes in 
the demand of other nodes. For example, a 5% increase in demand of Nodes 3, 6, 26, 29, 
and 31 does not have too much impact on the resilience index of Node 25, while a 5% 
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increase in the demand of Node 25 has a decreased resilience index for Node 25 about 
10%. Finally, it can be understood from Tables 5.12B to 5.14B that raising the predefined 
minimum required pressure can decrease the nodal resilience index. Node 25 has more 
sensitivity to the minimum required pressure, compared with Nodes 2 and 13. 
Although in most cases, the resilience index is decreased due to the decrease in pipe 
diameters and roughness coefficients or due to the increase in nodal demands and 
minimum pressure, Tables 5.5B and 5.8B show that there are some cases in which the 
resilience index is increased. For example, the resilience index of Node 25 is increased 
0.015% in spite of a 20% decrease in diameter of Pipe 34, as shown in Table 5.5B.  
The nodal resilience index measures energy efficiency for delivering the flow demand at 
one node, and depends on dissipated energy within all pipes (not only one pipe) connected 
to the node. Therefore, the nodal resilience index might be either decreased or increased at 
one node depending on how dissipated energy within each pipe connected to the node will 
change. 
5.4.5 Relation between Nodal Reliability and Nodal Resilience Index  
Using calculated nodal reliabilities (shown in Table 5.1B), and calculated nodal resilience 
indexes (shown in Table 5.2B) from ten different designs of the Hanoi network, the 
relations between the nodal reliability and nodal resilience indexes is investigated. Such 
relations under correlated nodal demands and correlated pipe roughness coefficients with 
COV=0.2 are presented in Figure 5.19 for a few nodes of the network. The diagrams for 
all nodes can be seen in Figure 5.1B of Appendix B.  
As already mentioned for the Two-loop network, the mathematical formula between nodal 
reliability “Y” and nodal resilience index “X” might be a guide to determine the threshold 
of the nodal resilience index that could meet a desired level of nodal reliability under a 
designated COV. The mathematical relation of “Y” and “X” can also be seen from Figure 
5.1B. 
As can be seen from Figures 5.19 and 5.1B, the relation between the reliability and 
resilience index of all nodes except Node 2 is non-linear. Node 2 has a linear relation 
between its reliability and its resilience index, which implies that improving the nodal 
resilience index does not have an impact on improving the reliability of Node 2. The 
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relation between the nodal reliability and nodal resilience index is a quadratic equation at 
Nodes 3 to 8, and Node 26 while other nodes are better suited to an exponential equation.  
 
 
 
 
  
 
Figure ‎5.19: Relation between nodal reliability and nodal resilience index for Hanoi 
network 
5.4.6 Network Reliability  
Similar to the reliability of the Two-loop network, the reliability of the Hanoi network as a 
series system or as a parallel system in case of any interest of comparison is calculated 
through the following steps: 
 The limit state function is established for each node of the Hanoi network as 
already mentioned in Section 5.3.1,  
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 Then the probability of failure of the Hanoi network as a series system is computed 
using Equation 4.3. For the purpose of comparison, the probability of failure of the 
Hanoi network as a parallel system is also computed using Equation 4.6. 
 Next the reliability of the Hanoi network is computed as the complement of 
probability of network failure using Equations 4.4 and 4.7, for a series or parallel 
system, respectively. 
The results of network reliability under correlated nodal demands and correlated pipe 
roughness coefficients are shown in Table 5.17. For all Designs and Solutions A to D6, the 
reliability of the network as a parallel system is 1.00, while the reliability of the network as 
a series system increases from 0.403 for Design A to 0.993 for Design D6.  
Table ‎5.17: Network reliability for Hanoi network under correlated nodal demands and 
correlated pipe roughness coefficient (COV= 0.2) 
Type of WDN Des. A Des. C Des. D Sol. D3 Sol.D6 
WDN as a series system 0.403 0.460 0.732 0.922 0.993 
WDN as a parallel system 1.000 1.000 1.000 1.000 1.000 
(Ir)n 0.18 0.2817 0.35 0.549 0.768 
 
5.4.7 Sensitivity Analysis of Network Reliability  
The sensitivity of network reliability to the degree of uncertainty is analysed for Design D 
of the Hanoi network in three steps. After the reliability of the Hanoi network has been 
obtained, as the results of Section 5.4.6 show, the network reliability assessment is 
repeated for three values of COV. The value of coefficient of variation (COV) has been 
changed from COV = 0.1 to 0.4. The random nodal demands and pipe roughness 
coefficients that had been generated for the sensitivity analysis of nodal reliability are also 
applied for the sensitivity analysis of network reliability. Then Equations 4.1 to 4.4, and 
4.5 to 4.7 of Chapter 4 are applied to compute the reliability of the Hanoi network as a 
series or parallel system, respectively.  
The effect of coefficient of variation (COV) on network reliability of Design D of the 
Hanoi network can be seen in Table 5.18 and Figure 5.20. The increase in COV (from 0.1 
to 0.4) for the case of correlated nodal demands and correlated pipe roughness coefficients 
significantly reduces the reliability of the network as a series system by 52%. However, 
the increase in COV from 0.1 to 0.2 does not have any impact on the reliability of the 
network as a parallel system and the increase in COV from 0.1 to 0.4 has a very small 
effect (1.6%), on network reliability as a parallel system. Although the increase in COV 
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could increase the number of failed nodes, it does not necessarily result in the failure of all 
nodes; therefore, the increase in COV does not have a significant impact on the reliability 
of the network as a parallel system. 
Table ‎5.18: The effect of coefficient of variation (COV) on network reliability of design D 
of Hanoi network under correlated design parameters 
Type of WDN Cov 0.1 Cov 0.2 Cov 0.4 
WDN as a series system 0.975 0.732 0.467 
WDN as a parallel system 1.000 1.000 0.984 
(Ir)n 0.35 
 
 
Figure ‎5.20: Sensitivity of Network reliability in design D of Hanoi network to COV of 
demand and pipe roughness 
5.4.8 Sensitivity Analysis of Resilience Index for Hanoi Network  
The sensitivity of the resilience index of the Hanoi network is analysed to the decrease in 
pipe diameter and pipe roughness coefficient, and to the increases in nodal demand and 
minimum pressure. Similar to the Two-loop network, at first, each parameter or variable is 
changed one by one, and then the resilience index of whole network is calculated using 
Equation 4.26 of Chapter 4. 
The percentage of changes in the resilience index of Design D of the Hanoi network, as 
given in Tables 5.15B to 5.18B show that the increase in predefined minimum pressure has 
the most impact on the resilience index of the Hanoi network. This is followed by the pipe 
diameter, which has a slightly lower impact on the network resilience index. For example, 
a 5% decrease in diameter of Pipe 1 of the Hanoi network caused a 4.3% decrease in the 
network resilience index, and a 5% increase in minimum required pressure resulted in a 
5.1% decrease in the network resilience index, while a 5% decrease in pipe roughness 
coefficients and a 5% increase in demand of nodes could cause a decrease of about 2% in 
the network resilience index. 
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As seen in Tables 5.15B and 5.16B, Pipe 1 has the most impact on the resilience index of 
the Hanoi network compared with other pipes. This might arise from the fact that Pipe 1 is 
located at the upstream of the whole network, and carries the total flow demand of the 
network, therefore, decreasing its size (due to decrease in diameter) or its hydraulic 
capacity (due to increase in roughness) can have a higher impact on the resilience index of 
the whole network as compared with other pipes.  
5.4.9 Relation between Reliability and Resilience Index for Hanoi Network 
Using given network resilience indexes and the calculated network reliability of ten 
designs of the Hanoi network, as shown in Table 5.19, the relation between network 
reliability “Y” as a series or parallel system under correlated nodal demands and correlated 
pipe roughness coefficients, and the resilience index “X” can be seen in Figure 5.21. 
Table ‎5.19: Network reliability for Hanoi network under correlated nodal demands and 
correlated pipe roughness coefficient (modelled with normal distribution with COV= 0.2) 
Network reliability Rj  for COV= 0.2 
Type of WDN 
Des. 
A 
Des.  
B 
Des. 
 C 
Des. 
D 
Des. 
D1 
Des. 
D2 
Des. 
D3 
Des. 
D4 
Des. 
D5 
Des. 
D6 
WDN as a series 
system 
0.403 0.461 0.460 0.732 0.790 0.879 0.922 0.992 0.737 0.993 
WDN as a parallel 
system 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
(Ir)n 0.18 0.2814 0.2817 0.35 0.406 0.483 0.549 0.727 0.348 0.768 
  
 
Figure ‎5.21: Relation between network reliability and network resilience index of Hanoi 
network
As can be seen from Figure 5.21, the relation between the network reliability as a series 
system and the network resilience index is quadratic, but the relation between network 
reliability as a parallel system and the network resilience index is linear.  
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5.5 Comparison of Results of Two Examples 
5.5.1 Similarity between Results of Two-loop and Hanoi Networks  
 Reliability Assessment 
For both the Two-loop and Hanoi networks, the reliability of nodes farther from the 
reservoir is smaller than the reliability of nodes closer to the reservoir. As can be seen from 
Table 5.6, Nodes 6 and 7 of the Two-loop network located at the end of the network have 
the smallest reliability compared with other nodes. Similarly, nodes like Nodes 9, 10 or 30 
and 31, which have farther distance from the reservoir of the Hanoi network, have smaller 
reliability compared with nodes located around the reservoir, such as Nodes 2, 3, or 19 and 
20, as shown in Table 5.14.  
Also, it was seen in the two case studies that the difference between reliability of various 
nodes is small for designs for which the resilience index is large. As can be seen for the 
Two-loop network in Table 5.6, the reliability of all nodes of Design I with resilience 
index 0.76 to Design L with resilience index 0.9 are close together and higher than 0.9. 
However, the reliability measures of Nodes 6 and 7 of Design A are about 0.5 while the 
reliability of Node 2 is about 0.99. Similar results can be seen for the Hanoi network in 
Table 5.14. While reliability of all nodes of Designs D3 and D6 with resilience index 0.55 
and 0.77, respectively, is higher than 0.9, there is a significant difference between the 
reliability of Node 29 as 0.45 and Node 2 as 1.0 in Design A. 
Furthermore, the results of the network reliability assessment of two case studies show that 
the reliability of the network as a series system is significantly lower than the reliability of 
the network as a parallel system for designs which have small value of resilience index.  
 Sensitivity Analysis of Reliability  
The results of sensitivity analysis of reliability to the degree of uncertainty in nodal 
demands and pipe roughness coefficients of two examples (as shown in Tables 5.7 and 
5.15, respectively) show that nodal reliability will be decreased if the coefficient of 
variation (COV) is increased. However, the effect of COV on the reliability of nodes 
located at the farther distances from the reservoir, and those located at the far branches is 
larger than for other nodes.  
The network reliability of both the Two-loop and Hanoi examples also decreases due to 
the increase in COV from 0.1 to 0.4, as can be seen in Tables 5.13 and 5.18. However, the 
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decrease in the reliability of the network as a series system is significantly higher than the 
decrease in the reliability of the network as a parallel system, for both examples. 
 Relation between Reliability and Resilience Index 
Finally, the mathematical relation between reliability under given COVs, and the resilience 
index has been obtained for each node and for the whole network in both cases.  
The relation between the nodal reliability and nodal resilience index of the Two-loop 
network is a quadratic equation for all values of COV except for Node 2, which has a 
linear equation under COV=0.1. Similarly, for the Hanoi network, the relation between the 
nodal reliability and nodal resilience index of nodes close to the reservoir, i.e. Nodes 3 to 
8, is quadratic under COV=0.2; however, other nodes of the Hanoi network have an 
exponential equation between the nodal reliability and nodal resilience index. Also, similar 
to Node 2 of the Two-loop network, the increase in the nodal resilience index of Node 2 of 
the Hanoi network does not have an impact on improving the reliability of Node 2, as it 
has also a linear equation. 
The relation between the network reliability as a series system and the network resilience 
index is a quadratic equation for the Two-loop network under three values of COV, and for 
the Hanoi network under COV=0.2. However, the relation between the network reliability 
as a parallel system and the network resilience index is linear for the Two-loop network 
under COV=0.1, and for the Hanoi network under COV= 0.2. The relation between the 
network reliability as a parallel system and the network resilience index for the Two-loop 
network is a quadratic equation under COVs = 0.2 and 0.4. 
5.5.2 Difference between Results of Two-loop and Hanoi Networks  
 Resilience Index and its Sensitivity Analysis 
Although the average of nodal resilience indexes is relatively close to the resilience index 
of the whole Two-loop network, as can be seen from Table 5.11, the average of the nodal 
resilience index of the Hanoi network is close to the network resilience index when the 
network resilience index is large. As Table 5.16 shows, the average of nodal resilience 
indexes is close to the network resilience index for designs which have a network 
resilience index above 0.7 such as Design D6. However, the average of nodal resilience 
indexes is different to the network resilience index for designs with a network resilience 
index less than 0.35. 
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The sensitivity of the nodal resilience index to different parameters is similar for the two 
examples. The most influential factor on the nodal resilience index of the Two-loop 
network and Hanoi network are the nodal demands and pipe diameters (as shown in Tables 
5.13A to 5.24A for the Two-loop network and in Tables 5.3B to 5.14B for the Hanoi 
network). However, the most influential factor on the network resilience index is different 
for the two cases. The most influential factor on the resilience index of the Two-loop 
network arises from the pipe diameters (as can be seen from Tables 5.25A to 5.28A), while 
the minimum required pressure has the most impact on the resilience index of the Hanoi 
network. After the minimum pressure, the pipe diameter then has the most impact on the 
resilience index of the Hanoi network (as can be seen from Tables 5.15B to 5.18B). 
5.6 Industry Application  
Reliability analysis is an important part in the design, operation and maintenance of water 
distribution networks (Laucelli, Giustolisi et al. 2010). The possible application of the 
method and results of this study to the industry is discussed in five sections, as follows. 
5.6.1 Reliability Assessment  
Reliability assessment can be applied for choosing the suitable design among various 
designs of a WDN with the desired level of reliability for a particular node or for the whole 
network. If the design already exists, to improve the reliability, a designer should make a 
decision to determine which pipes have more impact (larger head loss within the pipe) on 
the performance of the specific nodes or on whole network, and then to replace those with 
larger pipe sizes to improve nodal or/ and network reliability. Also, nodes with the 
smallest reliability within the network should be identified as the critical nodes of a given 
WDN design, and then demand management should get a priority to such nodes to control 
their reliability. 
5.6.2 Sensitivity Analysis of Reliability  
As nodes located at the farther distances from the reservoir or those located at the branches 
are more sensitive to the variation of random nodal demands and pipe roughness 
coefficients, it is recommended that consumers with critical water needs, such as hospitals, 
not be located at these areas. It is also suggested to expand the branches to the loops by 
adding additional pipes, or to replace the pipes of the branches with larger pipe sizes to 
increase the reliability of the branches. Also, the sensitivity analysis of reliability could 
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identify some parts of the network that are less important and less sensitive to the changes 
of the parameters. 
5.6.3 Nodal Resilience Index   
Using the formula developed for the nodal resilience index, Equations 3.39, 3.47 and 3.49, 
the designer could be provided with a more accurate insight into the distribution of the 
resilience index between the various nodes of the WDN.  Therefore, instead of solely 
relying on the resilience index for the whole network, using the term of the nodal 
resilience index could determine resiliency at each node of the network for handling the 
increase in internally dissipated energy due to failure conditions.  
5.6.4 Sensitivity Analysis of Resilience Index   
Using the sensitivity analysis of the resilience index for nodes and networks, the factors 
causing most impact on the resilience index could be better understood. This 
understanding has practical implications in decisions governing the design, maintenance 
and operation of the WDN. Critical areas of the network can be determined based on the 
sensitivity analysis results. For example, in relation to pipes where the roughness and 
diameter might have a significant impact on the nodal and network resilience index, higher 
priority should be given to the design and maintenance of such pipes. In the design of a 
new WDN, such pipes should have the largest size possible in optimization, and for 
maintenance policies, such pipes should be the highest priority for inspection and repair.  
Another application of the sensitivity analysis of the resilience index is the determination 
of the most influential consumption nodes on nodal or network resilience index. Therefore, 
controlling the water consumption at the most influential nodes should receive more 
attention in management decision-making. 
5.6.5 Relation between Reliability Measures and Resilience Index  
Instead of repeating the reliability assessment for a WDN in order to meet a desired level 
of reliability (as will be necessary in the process of WDN design), the developed 
mathematical relation between reliability and resilience index could be applied. This 
mathematical formula can be built by conducting reliability assessment for only a limited 
number of WDN designs. Therefore, instead of including the reliability assessment in the 
design process, which is time-consuming, the mathematical formula could determine the 
threshold of the resilience index for a given WDN to meet a desired level of reliability 
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under a given COV. The developed mathematical formula could be a tool for the designer 
to determine the sufficient amount of resilience index for any node or for the whole 
network to overcome a designated uncertainty in nodal demands and pipe roughness 
coefficients, and to meet a desired level of nodal or network reliability.  
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Chapter 6 
 
6. Conclusions and Future Research 
 
6.1 Conclusions 
This study applied the theory of reliability to assess the probability of failure of WDNs 
under uncertainty in nodal demand and pipe roughness coefficient. Various designs of 
WDNs, based on the recently introduced term of the resilience index, were taken from the 
literature for conducting the reliability assessment in this study. The limit state function for 
reliability assessment was established using nodal pressure as a failure criterion. The 
uncertainty in nodal demand and pipe roughness was expressed using Normal distribution 
function in which different values of the coefficient of variation (COV) were used to 
represent the degree of uncertainty. The reliability assessment was conducted at both nodal 
and network levels. Monte Carlo simulation was used to compute the reliability of each 
node, and the reliability of the whole network as a series or parallel system. The sensitivity 
of nodal reliability and network reliability to the degree of uncertainty in nodal demands 
and pipe roughness coefficients was also investigated. 
Moreover, the relation between the nodal reliability and nodal resilience index was 
investigated for a given uncertainty in nodal demands and pipe roughness coefficients. To 
formulate a mathematical relation between the reliability and the resilience index at each 
node of the network, the new term of the nodal resilience index was defined following the 
term of the network resilience index proposed by Todini (Todini 2000). Similarly, the 
relation between the network reliability and the network resilience index was also 
investigated. Finally, the sensitivity of nodal and network resilience indexes to design 
parameters and variables of WDN was also investigated.  
The two-loop and Hanoi networks, as two numerical examples taken from the literature, 
were used to demonstrate the proposed method. The findings of the reliability assessment 
for the two examples are summarized in the following sections. 
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6.1.1 Nodal and Network Reliability Assessment 
The nodal and network reliabilities of the WDN in the two numerical examples were 
assessed in this study under simultaneous uncertainty in projected nodal demands and 
estimated pipe roughness coefficients during the operation of the WDN. The failure 
criterion for the limit state function is nodal pressure below a predefined pressure value, 
which was chosen as 30 m of water for examples. 
The random demand and roughness coefficient were assumed to have normal distributions 
and be correlated. The projected demand at each consumption node and the estimated 
roughness coefficient at each pipe are assumed as mean values of the normal distribution. 
Three values of COVs as 0.1, 0.2 and 0.4 are taken from the literature as commonly used 
values. In addition, the correlation between any two nodal demands and between pipe 
roughness coefficients of any two pipes were considered to represent the common impact 
of influential factors such as climate change and pipe flow on nodal demands and pipe 
roughness coefficients. 
The reliability of all nodes of the network was computed under random demands and 
random roughness coefficients, and then all nodal reliabilities were compared together. 
The critical nodes, which are nodes with the smallest reliability across the network, are 
usually located at the farthest distances from the reservoir. Also, nodes which are located 
close to the reservoir have usually the largest nodal reliabilities compare with nodes 
located at the middle of the network, and those located at far distances to the reservoir. The 
reliability of nodes closer to the reservoir is larger than those that are farther away since 
the head loss for supplying the closer nodes is smaller than the head loss for supplying the 
farther nodes.  
The results of nodal reliability of two examples showed that difference between the 
reliability of various nodes decreases if resilience index of the design is large. Moreover 
the value of nodal reliability is also high and usually close to one for the designs with large 
resilience index. 
The reliability of the whole network as a system consisting of nodes was also calculated. 
At first the reliability of the network was computed as a series system, and then it was 
compared with the reliability of the network when it is treated as a parallel system. The 
results of network reliability assessment for designs with low network resilience index 
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showed that the reliability of the network as a series system is significantly lower than the 
reliability of the network if it is treated as a parallel system. 
However, the reliability of the network as a series or parallel system is close to one for 
designs which have large network resilience index. Therefore designs which have a large 
amount of surplus energy, have sufficient capacity to overcome uncertainties in design 
parameters and to meet a high level of network reliability. 
The results obtained from the reliability assessment can be applied by industry for the 
design and rehabilitation of WDNs. To choose a design which has the desired level of 
nodal and/or network reliability among the different designs of a new WDN, nodal and 
network reliability assessment can be used. Moreover, from the point of view of 
rehabilitation, pipes which have greater head loss should be replaced with larger sizes to 
reduce the head loss within the network. Using hydraulic analysis of the pipes, those pipes 
which have higher energy loss can be identified, and the capacity of the network can be 
increased by replacing these pipes with larger pipe sizes to reduce the internal head losses.  
The findings of the reliability assessment could also be a guide to determining the suitable 
sections of the network for different types of consumers across the network. For example 
the important and critical users i.e. hospitals, etc. should not be located at the nodes which 
have a lower reliability compared with other nodes. Therefore, the value of nodal 
reliability can be a useful criterion to allocate critical users across the network.    
6.1.2 Sensitivity of Nodal and Network Reliability to Key Variables  
The sensitivity analysis of nodal reliability to the degree of uncertainty in nodal demands 
and pipe roughness coefficients revealed that the nodal reliability generally decreases as 
the coefficient of variation (COV) of random demand and roughness increases; an increase 
in COV decreased the reliability of almost all nodes in both case studies.  
However, the impact of COV on reliability is not the same for all nodes. The decrease in 
the reliability of nodes located at distances farther from the reservoir is larger than the 
decrease in other nodes when the COV is increased from 0.1 to 0.4. For instance, while the 
increase in COV from 0.1 to 0.4, caused a 23% decrease in the reliability of Node 7 of the 
Two-loop network, as the farthest node to the reservoir, the same increase in COV brought 
about only a 5% decrease in the reliability of Node 2 as the closest node to the reservoir, as 
can be seen in Figure 5.4 and Table 5.7. Similarly, the increase in COV from 0.1 to 0.4, 
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only caused about a 1% decrease in the reliability of Node 2 of the Hanoi network as the 
closest node to the reservoir, while the same increase in COV resulted in a 34% decrease 
in the reliability of Node 32 as the node farthest from the reservoir, as shown in Figure 
5.18 and Table 5.15. 
The sensitivity analysis of the network reliability also showed that the impact of COV on 
network reliability as a series system is more significant compared with network reliability 
as a parallel system. For instance, while the increase in COV from 0.1 to 0.4, caused a 
34% decrease in the reliability of the Two-loop network  as a series system, the same 
increase in COV only resulted in about a 5% decrease in the reliability of the Two-loop 
network as a parallel system, as can be seen in Figure 5.13 and Table 5.13. Similarly, 
while the increase in COV from 0.1 to 0.4, caused a 52% decrease in the reliability of the 
Hanoi network as a series system, the same increase in COV resulted in only a 1.6% 
decrease in the reliability of the network as parallel system, as can be seen in Figure 5.20, 
and Table 5.18. 
The impact of correlation on nodal and network reliabilities was analysed only for the 
Two-loop network. The results showed that the impact of correlation in demands and 
correlation in roughness coefficients on reliability has a relation with the COV of random 
variables. While for low COVs i.e. 0.1, the correlation causes reduction in nodal and 
network reliability compared with un-correlated cases, correlation causes an increase in 
nodal and network reliability (as a series system) for higher COVs i.e. 0.4. 
6.1.3 Sensitivity of Resilience Index to key Variables 
The sensitivity analysis was conducted for the resilience index of both the node and the 
network. The results showed that the most important factors affecting the nodal resilience 
index are nodal demands and pipe diameters. For example, a 5% increase in demand of 
Node 2 resulted in a 13.5% decrease in the resilience index of Node 2, and a 5% decrease 
in the diameter of Pipe 1 of the Two-loop network caused an 18% decrease in the 
resilience index of Node 2. Similar findings were also found for the Hanoi network. 
However, the most influential factors on the network resilience index are pipe diameters 
and predefined minimum required pressures. For example, for the Two-loop network, a 
5% decrease in the diameter of Pipe 1 caused an 8% decrease in the network resilience 
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index, and a 5% increase in the minimum required pressures resulted in a 4% decrease in 
the network resilience index. Similar findings were also found for the Hanoi network. 
These findings can be applied by industry for design, maintenance and water management 
decisions. An understanding of which pipes, in terms of diameter and/or roughness, might 
have the most significant impact on the resilience index can determine priorities for the 
design and maintenance of a WDN. Also, controlling the water consumption at nodes 
which have more effect on the network resilience index should receive more attention in 
demand management decisions. 
6.1.4 Relation between Reliability and Resilience Index 
To investigate the relation between reliability and resilience index at each node, the term 
of nodal resilience index was introduced and calculated for each node of the network. The 
results of Two-loop network showed that the average of nodal resilience indexes is 
reasonably close to resilience index of whole network. The results of Hanoi network also 
showed that the average of nodal resilience indexes is relatively close to network resilience 
index for designs which have large network resilience index. 
The nodal resilience index can provide designers with better insight about resiliency of 
each node instead of solely relying to the network resilience index. It can contribute to 
understand if surplus power supplied at each node of the network is sufficient to handle the 
excessive demands and roughness coefficients. 
With the calculated nodal resilience index, the relation between reliability and resilience 
index for each node and for whole network was investigated under uncertainties in nodal 
demands and pipes roughness coefficient. Regression analysis was applied to more than 
ten data points of calculated nodal and network reliabilities, and calculated nodal and 
network resilience indexes. The mathematical formula was then developed between the 
nodal reliability and the nodal resilience index, and between the network reliability and the 
network resilience index.  
All nodes of the Two-loop network and some nodes of the Hanoi network close to the 
reservoir have a quadratic equation between the nodal reliability and the nodal resilience 
index. Other nodes of the Hanoi network which are farther from the reservoir have an 
exponential equation between their nodal reliability and nodal resilience index. The only 
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exception is Node 2 – the closest node to the reservoir in both case studies – which has a 
linear relation between its reliability and nodal resilience index. 
Also, a quadratic relation was found between network reliability as a series system and the 
resilience index for both the Two-loop and Hanoi networks. Although the relation between 
network reliability as a parallel system and the resilience index for the Two-loop network 
under COVs = 0.2 and 0.4 is quadratic, the relation between network reliability as a 
parallel system and resilience index is linear for the Two-loop network under COV=0.1, 
and for the Hanoi network under COV=0.2.  
By using the developed mathematical equations, the benefit to industry is that threshold of 
nodal and network resilience indexes can be determined to avoid hydraulic failure under 
uncertainties in nodal demands and pipe roughness coefficients, and to meet a specified 
level of reliability.  
6.2 Future Research  
Reliability theory was applied to assess the probability of hydraulic failure of water 
distribution networks under uncertainties in nodal demands and pipe roughness 
coefficients. It is suggested to conduct further research on how to use the proposed 
methodology of this study for investigating the probability of failure under the 
simultaneous impacts of the failure of pipes and uncertainties in nodal demands and pipe 
roughness coefficients. 
The values of COV for probability distribution functions of nodal demands and pipe 
roughness coefficients are assumed to be the same for the purpose of sensitivity analysis. 
Furthermore, the spatial correlation in nodal demands and in pipe roughness coefficients is 
assumed to be 0.5. Therefore it is suggested that further research should be conducted to 
investigate the accurate values of COV and correlation for nodal demand and pipe 
roughness in real life applications. 
It is increasingly accepted that climate change has negative impacts on our living. 
Therefore, further research is recommended to quantify the impact of climate change on 
nodal demands, and subsequent implications on the reliability of WDN since limited 
research has been done in this area. 
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Finally, it is recommended to use the proposed methodology of this study for the structural 
reliability due to component failures such as failure of the pipes, pumps, valves and etc., 
since the structural reliability of WDNs is necessary for the maintenance and the operation 
of WDNs,  
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Appendix A 
 
Table 5.1A: Nodal reliability for Two-loop network under un-correlated nodal demands 
and un-correlated pipe roughness coefficient 
Node 
ID 
Nodal reliability Rj  for COV= 0.2 
Single 
objective 
(i.e. 
cost) 
Multi-objective (i.e. cost and resilience index) 
 
Des. 1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
I 
Des. 
J 
Des. 
K 
Des. 
L 
2 0.997 0.997 1.000 
3 0.464 0.953 0.979 0.994 0.997 0.997 0.996 0.997 0.997 1.000 
4 0.970 0.975 0.996 0.999 1.000 
5 0.575 0.976 0.996 1.000 1.000 1.000 0.999 1.000 
6 0.429 0.498 0.656 0.876 0.909 0.930 0.981 0.970 0.976 0.998 0.996 1.000 
7 0.403 0.471 0.581 0.982 0.987 0.991 0.961 0.993 0.996 0.992 1.000 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
Table 5.2A: Nodal reliability for Two-loop network under correlated nodal demands and 
correlated pipe roughness coefficient 
Node 
ID 
Nodal reliability Rj  for COV= 0.2 
Single 
objective 
(i.e. 
cost) 
Multi-objective (i.e. cost and resilience index) 
 
Des. 1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
I 
Des. 
J 
Des. 
K 
Des. 
L 
2 0.995 0.995 0.998 0.998 0.998 0.998 1.000 0.998 0.998 1.000 
3 0.513 0.930 0.952 0.982 0.990 0.989 0.992 0.995 0.995 0.997 0.997 1.000 
4 0.948 0.950 0.980 0.989 0.991 0.993 0.996 0.996 0.996 1.000 
5 0.596 0.949 0.974 0.993 0.995 0.996 0.995 0.997 0.997 0.999 0.999 1.000 
6 0.494 0.526 0.655 0.822 0.853 0.880 0.971 0.950 0.947 0.992 0.989 0.999 0.999 
7 0.480 0.533 0.608 0.946 0.953 0.962 0.922 0.977 0.989 0.968 0.989 1.000 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
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Table 5.3A: The effect of coefficient of variation (COV) on nodal reliability for Two-loop 
network under un-correlated variables 
Node 
ID 
COV Sensitivity analysis of nodal reliability to COV for independent variables 
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
2 
0.1 1.000 
0.2 0.997 0.997 1.000 
0.4 0.908 0.908 0.939 0.939 0.939 0.939 0.939 0.939 0.939 0.960 0.960 0.973 0.973 
3 
0.1 0.540 0.999 1.000 
0.2 0.464 0.953 0.979 0.994 0.997 0.997 0.996 0.997 0.997 1.000 
0.4 0.399 0.743 0.772 0.858 0.878 0.876 0.858 0.885 0.905 0.907 0.926 0.946 0.960 
4 
0.1 0.999 0.999 1.000 
0.2 0.970 0.975 0.996 0.999 1.000 
0.4 0.744 0.750 0.812 0.869 0.885 0.902 0.909 0.915 0.926 0.940 0.946 0.964 0.967 
5 
0.1 0.766 1.000 
0.2 0.575 0.976 0.996 1.000 1.000 1.000 0.999 1.000 
0.4 0.412 0.748 0.799 0.903 0.911 0.916 0.865 0.920 0.933 0.911 0.947 0.955 0.971 
6 
0.1 0.527 0.638 0.895 0.998 0.999 0.999 1.000 0.999 0.999 1.000 
0.2 0.429 0.498 0.656 0.876 0.909 0.930 0.981 0.970 0.976 0.998 0.996 1.000 
0.4 0.339 0.370 0.439 0.600 0.637 0.665 0.771 0.736 0.770 0.847 0.836 0.932 0.943 
7 
0.1 0.526 0.661 0.853 1.000 
0.2 0.403 0.471 0.581 0.982 0.987 0.991 0.961 0.993 0.996 0.992 1.000 
0.4 0.298 0.333 0.379 0.752 0.767 0.798 0.682 0.809 0.869 0.744 0.838 0.933 0.959 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
Table 5.4A: The effect of coefficient of variation (COV) on nodal reliability for Two-loop 
network under correlated variables 
Node 
ID 
COV Sensitivity analysis of nodal reliability to COV for correlated variables  
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
2 
0.1 1.000 
0.2 0.995 0.995 0.998 0.998 0.998 0.998 1.000 0.998 0.998 1.000 
0.4 0.918 0.918 0.955 0.954 0.954 0.954 0.954 0.954 0.954 0.939 0.970 0.979 0.979 
3 
0.1 0.537 0.997 0.999 1.000 
0.2 0.513 0.930 0.952 0.982 0.990 0.989 0.992 0.995 0.995 0.997 0.997 1.000 
0.4 0.476 0.775 0.800 0.860 0.889 0.884 0.883 0.897 0.906 0.858 0.932 0.965 0.970 
4 
0.1 0.999 0.999 1.000 
0.2 0.948 0.950 0.980 0.989 0.991 0.993 0.996 0.996 0.996 1.000 
0.4 0.779 0.777 0.825 0.866 0.881 0.886 0.910 0.910 0.912 0.909 0.950 0.973 0.975 
5 
0.1 0.736 1.000 
0.2 0.596 0.949 0.974 0.993 0.995 0.996 0.995 0.997 0.997 0.999 0.999 1.000 
0.4 0.501 0.771 0.811 0.886 0.891 0.908 0.876 0.910 0.928 0.865 0.946 0.967 0.977 
6 
0.1 0.523 0.605 0.810 0.976 0.985 0.989 1.000 
0.2 0.494 0.526 0.655 0.822 0.853 0.880 0.971 0.950 0.947 0.992 0.989 0.999 0.999 
0.4 0.439 0.460 0.545 0.644 0.672 0.696 0.808 0.769 0.774 0.771 0.844 0.947 0.945 
7 
0.1 0.510 0.622 0.758 0.999 1.000 1.000 0.998 1.000 
0.2 0.480 0.533 0.608 0.946 0.953 0.962 0.922 0.977 0.989 0.968 0.989 1.000 
0.4 0.418 0.461 0.508 0.764 0.779 0.797 0.710 0.810 0.857 0.682 0.838 0.947 0.967 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
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Table 5.5A: Comparison of nodal reliabilities under correlated and un-correlated nodal 
demand and pipe roughness with COV= 0.1 for Two-loop network 
N
o
d
e 
ID
 
Independency 
and 
correlation 
between 
nodal 
demands and 
between pipe 
roughness 
Nodal reliability Rj  for COV= 0.1 
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
2 Independent 1.000 
 Correlated 1.000 
3 
Independent 0.540 0.999 1.000 
Correlated 0.537 0.997 0.999  
4 
Independent 0.999 0.999 1.000 
Correlated 0.999 0.999 1.000 
5 
Independent 0.766 1.000 
Correlated 0.736 1.000 
6 
Independent 0.527 0.638 0.895 0.998 0.999 0.999 1.000 0.999 0.999 1.000 
Correlated 0.523 0.605 0.810 0.976 0.985 0.989 1.000 
7 
Independent 0.526 0.661 0.853 1.000 
Correlated 0.510 0.622 0.758 0.999 1.000 1.000 0.998 1.000 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
 
Table 5.6A: Comparison of nodal reliabilities under correlated and un-correlated nodal 
demand and pipe roughness with COV= 0.2 for Two-loop network 
N
o
d
e 
ID
 
Independency 
and 
correlation 
between 
nodal 
demands and 
between pipe 
roughness 
Nodal reliability Rj  for COV= 0.2  
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
2 Independent 0.997 0.997 1.000 
Correlated 0.995 0.995 0.998 0.998 0.998 0.998 1.000 0.998 0.998 1.000 
3 Independent 0.464 0.953 0.979 0.994 0.997 0.997 0.996 0.997 0.997 1.000 
Correlated 0.513 0.930 0.952 0.982 0.990 0.989 0.992 0.995 0.995 0.997 0.997  
4 Independent 0.970 0.975 0.996 0.999 1.000 
Correlated 0.948 0.950 0.980 0.989 0.991 0.993 0.996 0.996 0.996 1.000 
5 Independent 0.575 0.976 0.996 1.000 1.000 1.000 0.999 1.000 
Correlated 0.596 0.949 0.974 0.993 0.995 0.996 0.995 0.997 0.997 0.999 0.999  
6 Independent 0.429 0.498 0.656 0.876 0.909 0.930 0.981 0.970 0.976 0.998 0.996 1.000 
Correlated 0.494 0.526 0.655 0.822 0.853 0.880 0.971 0.950 0.947 0.992 0.989 0.999 0.999 
7 Independent 0.403 0.471 0.581 0.982 0.987 0.991 0.961 0.993 0.996 0.992 1.000 
Correlated 0.480 0.533 0.608 0.946 0.953 0.962 0.922 0.977 0.989 0.968 0.989 1.000 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
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Table 5.7A: Comparison of nodal reliabilities under correlated and un-correlated nodal 
demand and pipe roughness with COV= 0.4 for Two-loop network 
N
o
d
e 
ID
 
Independency 
and correlation 
between nodal 
demands and 
between pipe 
roughness 
Nodal reliability Rj  for COV= 0.4 
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
2 Independent 0.908 0.908 0.939 0.939 0.939 0.939 0.939 0.939 0.939 0.960 0.960 0.973 0.973 
Correlated 0.918 0.918 0.955 0.954 0.954 0.954 0.954 0.954 0.954 0.939 0.970 0.979 0.979 
3 Independent 0.399 0.743 0.772 0.858 0.878 0.876 0.858 0.885 0.905 0.907 0.926 0.946 0.960 
Correlated 0.476 0.775 0.800 0.860 0.889 0.884 0.883 0.897 0.906 0.858 0.932 0.965 0.970 
4 Independent 0.744 0.750 0.812 0.869 0.885 0.902 0.909 0.915 0.926 0.940 0.946 0.964 0.967 
Correlated 0.779 0.777 0.825 0.866 0.881 0.886 0.910 0.910 0.912 0.909 0.950 0.973 0.975 
5 Independent 0.412 0.748 0.799 0.903 0.911 0.916 0.865 0.920 0.933 0.911 0.947 0.955 0.971 
Correlated 0.501 0.771 0.811 0.886 0.891 0.908 0.876 0.910 0.928 0.865 0.946 0.967 0.977 
6 Independent 0.339 0.370 0.439 0.600 0.637 0.665 0.771 0.736 0.770 0.847 0.836 0.932 0.943 
Correlated 0.439 0.460 0.545 0.644 0.672 0.696 0.808 0.769 0.774 0.771 0.844 0.947 0.945 
7 Independent 0.298 0.333 0.379 0.752 0.767 0.798 0.682 0.809 0.869 0.744 0.838 0.933 0.959 
Correlated 0.418 0.461 0.508 0.764 0.779 0.797 0.710 0.810 0.857 0.682 0.838 0.947 0.967 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
Table 5.8A: Nodal resilience index for Two-loop network 
Node ID 
(Ir)j 
Single 
objective 
(i.e. cost) 
Multi-objective (i.e. cost and resilience index) 
 
Sol. 1 
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
2 0.234 0.234 0.364 0.364 0.364 0.364 0.364 0.364 0.364 0.490 0.490 0.603 0.603 
3 0.009 0.382 0.307 0.512 0.607 0.548 0.565 0.689 0.754 0.650 0.734 0.867 0.928 
4 0.328 0.404 0.375 0.427 0.493 0.542 0.801 0.701 0.744 0.850 0.798 0.952 0.909 
5 0.329 0.705 0.762 0.890 0.854 0.899 0.841 0.899 0.929 0.887 0.907 0.968 0.990 
6 0.073 0.280 0.535 0.793 0.797 0.822 0.982 0.860 0.869 0.909 0.884 0.987 0.988 
7 0.091 0.209 0.365 0.905 0.915 0.911 0.830 0.929 0.914 0.770 0.870 0.996 0.996 
Average 
of nodal 
resilience 
(Ir)j 
0.18 0.37 0.45 0.65 0.67 0.68 0.73 0.74 0.76 0.76 0.78 0.90 0.90 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
Table 5.9A: Network reliability for Two-loop network under independent nodal demands 
and independent pipe roughness coefficient 
Type of 
WDN 
Network reliability Rj  for COV= 0.2 
Single 
objective 
(i.e. 
cost) 
Multi-objective (i.e. cost and resilience index) 
 
Des. 1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
WDN as a 
series 
system 
0.205 0.331 0.471 0.876 0.909 0.930 0.958 0.970 0.976 0.991 0.996 1.000 
WDN as a 
parallel 
system 
0.997 0.997 1.000 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
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Table 5.10A: Network reliability for Two-loop network under correlated nodal demands 
and correlated pipe roughness coefficient 
Type of 
WDN 
Network reliability Rj  for COV= 0.2 
Single 
objective 
(i.e. cost) 
Multi-objective (i.e. cost and resilience index) 
 
Des. 1 Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
WDN 
as a 
series 
system 
0.377 0.453 0.559 0.822 0.853 0.880 0.920 0.949 0.947 0.967 0.985 0.999 0.999 
WDN 
as a 
parallel 
system 
0.995 0.995 0.998 0.998 0.998 0.998 0.998 0.998 0.998 1.000 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
 
Table 5.11A: The effect of coefficient of variation (COV) on network reliability as a series 
or parallel system for Two-loop network under independent variables 
Type 
of 
WDN 
COV 
Sensitivity analysis of network reliability to COV for independent variables 
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
WDN 
as a 
series 
system 
0.1 0.307 0.505 0.793 0.998 0.999 0.999 1.000 0.999 0.999 1.000 
0.2 0.205 0.331 0.471 0.876 0.909 0.930 0.958 0.970 0.976 0.991 0.996 1.000 
0.4 
0.134 0.212 0.261 0.600 0.637 0.665 0.607 0.699 0.770 0.715 0.768 0.908 0.943 
WDN 
as a 
parallel 
system 
0.1 1.000 
0.2 0.997 0.997 1.000 
0.4 
0.908 0.908 0.939 0.939 0.939 0.939 0.939 0.939 0.939 0.960 0.960 0.973 0.973 
(Ir)n - 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
Table 5.12A: The effect of coefficient of variation (COV) on network reliability as a series 
or parallel system for Two-loop network under correlated variables 
Type of 
WDN 
COV 
Sensitivity analysis of network reliability to COV for correlated variables 
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
 I 
Des. 
 J 
Des. 
K 
Des. 
L 
WDN as 
a series 
system 
0.1 0.413 0.541 0.727 0.976 0.985 0.989 0.998 1.000 
0.2 0.377 0.453 0.559 0.822 0.853 0.880 0.920 0.949 0.947 0.967 0.985 0.999 0.999 
0.4 0.328 0.388 0.452 0.644 0.672 0.696 0.689 0.745 0.774 0.607 0.795 0.931 0.944 
WDN as 
a 
parallel 
system 
0.1 1.000 
0.2 0.995 0.995 0.998 0.998 0.998 0.998 0.998 0.998 0.998 1.000 
0.4 0.918 0.918 0.955 0.954 0.954 0.954 0.954 0.954 0.954 0.939 0.970 0.979 0.979 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
 
Table 5 .13A: Sensitivity analysis of resilience index at Node 2 of Two- loop network to 
decrease in pipe diameters 
Node ID Decreased pipes 
diameter ID 
Nodal resilience for 5% 
decrease in pipe diameter 
Nodal resilience for 10% 
decrease in pipe diameter 
Nodal resilience for 20% 
decrease in pipe diameter 
Node2 Pipe 1 0.298 (-18%) 0.234 (-36%) 0.118 (-68%) 
 Pipe 3 0.364 0.364 0.364 
Pipe 4 0.364 0.364 0.364 
Pipe 6 0.364 0.364 0.364 
Resilience index of Node2 for 
design E (Ir,n = 0.65) 
0.364 
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Table 5.14A: Sensitivity analysis of resilience index at node 5 of Two-loop network to 
decrease in pipe diameters 
Node ID Decreased pipes 
diameter ID 
Nodal resilience for 5% 
decrease in pipe diameter 
Nodal resilience for 10% 
decrease in pipe diameter 
Nodal resilience for 20% 
decrease in pipe diameter 
Node5 Pipes 1 0.893 (-0.7%) 0.886 (-1.4%) 0.849 (-5.6%) 
Pipes 4 0.894 (-0.6%) 0.890 (-10%) 0.881 (-2%) 
Pipes 6 0.899 0.899 0.900 (+0.1%) 
 Pipes 8 0.901(+0.2%) 0.904 (+0.6%) 0.912 (+1.4%) 
Resilience index of Node5 for 
design E (Ir,n = 0.65) 
0.899 
 
 
Table 5 .15A: Sensitivity analysis of resilience index at Node 7 of Two-loop network to 
decrease in pipe diameters 
Node 
ID 
Decreased pipes 
diameter ID 
Nodal resilience for 5% 
decrease in pipe 
diameter 
Nodal resilience for 10% 
decrease in pipe diameter 
Nodal resilience for 20% 
decrease in pipe diameter 
Node7 Pipe 1 0.902 (-1%) 0.885 (-2.9%) 0.749 (-17.8%) 
Pipe 4 0.916 (+0.5%) 0.920 (+10%) 0.931(+2.2%) 
Pipe 6 0.912 (+0.1%) 0.914 (+0.3%) 0.918 (+0.8%) 
Pipe 8 0.896 (-1.6%) 0.881(-3.3%) 0.847 (-7%) 
Resilience index of Node7 for 
design E (Ir,n = 0.65) 
0.911 
 
Table 5.16A: Sensitivity analysis of resilience index at Node  2 of Two- loop network to 
decrease in pipe roughness coefficients 
Node 
ID 
Decreased pipes 
roughness ID 
Nodal resilience for 5% 
decrease in pipes 
roughness coefficient 
Nodal resilience for 10% 
decrease in pipes 
roughness coefficient 
Nodal resilience for 20% 
decrease in pipes 
roughness coefficient 
Node2 Pipe 1 0.338 (-7.1%) 0.312 (-14.3%) 0.258 (-29.1%) 
Pipe 3 0.364 0.364 0.364 
Pipe 4 0.364 0.364 0.364 
Pipe 6 0.364 0.364 0.364 
Resilience index of Node2 for 
design E (Ir,n = 0.65) 
0.364 
 
Table 5.17A: Sensitivity analysis of resilience index at node 5 of Two- loop network to 
decrease in pipe roughness coefficients 
Node 
ID 
Decreased pipes 
roughness ID 
Nodal resilience for 5% 
decrease in pipes 
roughness coefficient 
Nodal resilience for 10% 
decrease in pipes 
roughness coefficient 
Nodal resilience for 20% 
decrease in pipes roughness 
coefficient 
Node 5 Pipes 1 0.896 (-0.3%) 0.895 (-0.4%) 0.889 (-1.1%) 
Pipes 4 0.896 (-0.3%) 0.895 (-0.4%) 0.892 (-1.9%) 
Pipes 6 0.899 0.899 0.898 (-0.1%) 
 Pipes 8 0.899  0.901(+0.2%)    0.903 (+0.4%)  
Resilience index of Node5 
for design E (Ir,n = 0.65) 
0.899 
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Table 5 .18A: Sensitivity analysis of resilience index at Node 7 of Two- loop network to 
decrease in pipe roughness coefficients 
Node 
ID 
Decreased pipes 
roughness ID 
Nodal resilience for 5% 
decrease in pipes 
roughness coefficient 
Nodal resilience for 10% 
decrease in pipes roughness 
coefficient 
Nodal resilience for 20% 
decrease in pipes roughness 
coefficient 
Node 7 Pipe 1 0.909 (-0.2%)  0.904 (-0.8%)  0.893 (-2%)  
Pipe 4 0.913 (+0.2%) 0.915 (+0.4%) 0.918 (+0.8%) 
Pipe 6 0.911 0.912 (+0.1%) 0.913 (+0.2%) 
Pipe 8 0.905 (-0.7%) 0.899 (-1.3%) 0.887 (-2.6%) 
Resilience index of Node7 
for design E (Ir,n = 0.65) 
0.911 
 
 
Table 5. 19A: Sensitivity analysis of resilience index at Node 2 of Two-loop network to 
increase in nodal demands 
Node ID Increased nodal 
demands ID 
Nodal resilience for 5% 
increase in nodal demand 
Nodal resilience for 10% 
increase in nodal demand 
Nodal resilience for 20% 
increase in nodal demand 
 Node 2 0.315 (-13.5%) 0.278 (-23.6%) 0.224 (-38.5%) 
Node2 Node 3 0.360 (-1.1%) 0.357 (-1.9%) 0.350 (-3.8%) 
Node 7 0.357 (-1.9%) 0.350 (-3.8%) 0.338 (-7.1%) 
Resilience index of Node2 for 
design E (Ir,n = 0.65) 
0.364 
 
Table 5.20A: Sensitivity analysis of resilience index at node 5 of Two-loop network to 
increase in nodal demands 
Node 
ID 
Increased nodal 
demands ID 
Nodal resilience for 5% 
increase in nodal demand 
Nodal resilience for 10% 
increase in nodal demand 
Nodal resilience for 20% 
increase in nodal demand 
Node 5 Node 2 0.898 (-0.1%)  0.898 (-0.1%) 0.897 (-0.2%) 
Node 3 0.899 0.898 (-0.1%)  0.900 (+0.1%)  
Node 5 0.631 (-29.8%)  0.484 (-46.2%)  0.328 (-63.5%)  
Node 6 0.893 (-0.7%)  0.887 (-1.3%)  0.875 (-2.7%)  
 Node 7 0.894 (-0.6%)  0.891(-0.9%)  0.883 (-1.8%)  
Resilience index of Node5 for 
design E (Ir,n = 0.65) 
0.899 
 
Table 5.21A: Sensitivity analysis of resilience index at Node 7 of Two-loop network to 
increase in nodal demands 
Node 
ID 
Increased nodal 
demands ID 
Nodal resilience for 5% 
increase in nodal demand 
Nodal resilience for 10% 
increase in nodal demand 
Nodal resilience for 20% 
increase in nodal demand 
Node 7 Node 2 0.911 0.911 0.911 
Node 5 0.912 (+0.1%) 0.914 (+0.3%) 0.912 (+0.1%) 
Node 6 0.901 (-1.1%) 0.890 (-2.3%) 0.868 (-4.7%) 
 Node 7 0.494 (-45.8%) 0.336 (-63.1%) 0.201 (-77.9%) 
Resilience index of Node7 for 
design E (Ir,n = 0.65) 
0.911 
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Table 5 -22A: Sensitivity analysis of resilience index at Node 2 of Two- loop network to 
increase in minimum nodal pressure 
Node ID Nodal resilience for 5% 
increase in minimum 
pressure 
Nodal resilience for 10% 
increase in minimum 
pressure 
Nodal resilience for 20% 
increase in minimum 
pressure 
Node2 0.350 (3.8%) 0.336 (7.7%) 0.305 (16.2%) 
Resilience index of Node2 
for design E (Ir,n = 0.65) 
0.364 
 
Table 5.23A: Sensitivity analysis of resilience index at node 5 of Two- loop network to 
increase in minimum nodal pressure  
Node ID Nodal resilience for 5% 
increase in minimum 
pressure 
Nodal resilience for 10% 
increase in minimum 
pressure 
Nodal resilience for 20% 
increase in minimum 
pressure 
Node5 0.892 (0.8%) 0.884 (1.7%) 0.866 (3.7%) 
Resilience index of Node5 
for design E (Ir,n = 0.65) 
0.899 
 
Table 5 .24A: Sensitivity analysis of resilience index at Node 7 of Two- loop network to 
increase in minimum nodal pressure 
Node ID Nodal resilience for 5% 
increase in minimum 
pressure 
Nodal resilience for 10% 
increase in minimum 
pressure 
Nodal resilience for 20% 
increase in minimum 
pressure 
Node7 0.898 (1.4%) 0.882 (3.2%) 0.825 (9.4%) 
Resilience index of Node7 
for design E (Ir,n = 0.65) 
0.911 
 
Table 5 . 25A: Sensitivity analysis of resilience index for Two-loop network to decrease in 
pipe diameters 
Design ID Decreased pipes 
diameter ID 
Resilience index for 
network for 5% decrease 
in pipe diameter 
Resilience index for 
network for 10% decrease 
in pipe diameter 
Resilience index for 
network for 20% decrease 
in pipe diameter 
Two-loop 
network 
Sol. E 
Pipe 1 0.598 (-8%) 0.528 (-18.8%) 0.320 (-50.8%) 
Pipe 4 0.648 (-0.3%) 0.647 (-0.5%) 0.644 (-0.9%) 
Pipe 6 0.649 (-0.2%) 0.649 (-0.2%) 0.649 (-0.2%) 
Resilience index for Two-loop 
network at Des. E  
0.65 
 
Table 5 .26A: Sensitivity analysis of resilience index for Two-loop network to decrease in 
pipe roughness coefficients 
Design ID Decreased 
pipes diameter 
ID 
Resilience index for 
network for 5% decrease in 
pipe roughness coefficient 
Resilience index for 
network for 10% decrease 
in pipe roughness 
coefficient 
Resilience index for 
network for 20% decrease 
in pipe roughness 
coefficient 
Two-loop 
network 
Sol. E 
Pipe 1 0.631 (-2.9%) 0.610 (-6.2%) 0.557 (-14.3%) 
Pipe 4 0.649 (-0.2%) 0.649 (-0.2%) 0.647 (-0.5%) 
Pipe 6 0.649 (-0.2%) 0.649 (-0.2%) 0.649 (-0.2%) 
Resilience index for Two-
loop network at Des. E 
0.65 
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Table 5 . 27A: Sensitivity analysis of resilience index for Two-loop network to increase in 
nodal demands 
Design ID Decreased 
pipes diameter 
ID 
Resilience index for 
network for 5% increase 
in nodal demand 
Resilience index for 
network for 10% decrease 
in nodal demand 
Resilience index for 
network for 20% decrease 
in nodal demand 
Two-loop 
network 
Sol. E 
Node 2 0.648 (-0.3%) 0.646 (-0.6%) 0.643 (-1.1%) 
Node 4 0.646 (-0.6%) 0.643 (-1.1%) 0.636 (-2.2%) 
Node 7 0.643 (-1.1%) 0.636 (-2.2%) 0.623 (-4.2%) 
Resilience index for Two-loop 
network at Des. E 
0.65 
 
 
Table 5 .28A: Sensitivity analysis of resilience index for Two-loop network to increase in 
minimum pressure at all nodes 
Design ID Resilience index for network 
for 5% increase in minimum 
pressure 
Resilience index for network 
for 10% decrease in minimum 
pressure 
Resilience index for network 
for 20% decrease in minimum 
pressure 
Two-loop network Sol. E 0.624 (-4%) 0.595 (-8.5%) 0.520 (-20%) 
Resilience index for Two-
loop network at Des. E 
0.65 
 
Table 5-29A: Effect of correlation on network reliability for Two-loop network under 
COV=0.1 
Type of 
WDN 
Independency and 
correlation between 
nodal demands and 
between pipe 
roughness 
Network reliability Rj  for COV= 0.1  
Sol. 
1 
Sol. 
A 
Sol. 
B 
Sol. 
C 
Sol. 
D 
Sol. 
E 
Sol. 
F 
Sol. 
G 
Sol. 
H 
Sol. 
I 
Sol. 
J 
Sol. 
K 
Sol. 
L 
WDN 
as a 
series 
system 
Independent 0.307 0.505 0.793 0.998 0.999 0.999 1.000 0.999 0.999 1.000 
Correlated 0.413 0.541 0.727 0.976 0.985 0.989 0.998 1.000 
WDN 
as a 
parallel 
system 
Independent 1.000 
Correlated 1.000 
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
 
Table 5-30A: Effect of correlation on network reliability for Two-loop network under 
COV=0.2 
Type 
of 
WDN 
Independency 
and correlation 
between nodal 
demands and 
between pipe 
roughness 
Network reliability Rj  for COV= 0.2  
Sol. 
1 
Sol. 
A 
Sol. 
B 
Sol. 
C 
Sol. 
D 
Sol. 
E 
Sol. 
F 
Sol. 
G 
Sol. 
H 
Sol. I Sol. J 
Sol. 
K 
Sol. 
L 
WDN 
as a 
series 
system 
Independent 0.205 0.331 0.471 0.876 0.909 0.930 0.958 0.970 0.976 0.991 0.996 1.000 
Correlated 0.377 0.453 0.559 0.822 0.853 0.880 0.920 0.949 0.947 0.967 0.985 0.999 0.999 
WDN 
as a 
parallel 
system 
Independent 0.997 0.997 1.000 
Correlated 0.995 0.995 0.998 0.998 0.998 0.998 0.998 0.998 0.998     
(Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
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Table 5-31A: Effect of correlation on network reliability for Two-loop network under 
COV=0.4 
Type of 
WDN 
Independency 
and 
correlation 
between 
nodal 
demands and 
between pipe 
roughness 
Network reliability Rj  for COV= 0.4 
Des. 
1 
Des. 
A 
Des. 
B 
Des. 
C 
Des. 
D 
Des. 
E 
Des. 
F 
Des. 
G 
Des. 
H 
Des. 
I 
Des. 
J 
Des. 
K 
Des. 
L 
WDN 
as a 
series 
system 
Independent 0.134 0.212 0.261 0.600 0.637 0.665 0.607 0.699 0.770 0.715 0.768 0.908 0.943 
Correlated 0.328 0.388 0.452 0.644 0.672 0.696 0.689 0.745 0.774 0.607 0.795 0.931 0.944 
WDN 
as a 
parallel 
system 
Independent 0.908 0.908 0.939 0.939 0.939 0.939 0.939 0.939 0.939 0.960 0.960 0.973 0.973 
Correlated 0.918 0.918 0.955 0.954 0.954 0.954 0.954 0.954 0.954 0.939 0.970 0.979 0.979 
 (Ir)n 0.22 0.41 0.48 0.61 0.63 0.65 0.68 0.70 0.72 0.76 0.78 0.89 0.90 
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Appendix B 
 
Table 5.1B: Nodal reliability for Hanoi network under correlated nodal demands and 
correlated pipe roughness coefficient 
Nodal reliability Rj  for COV= 0.2 
Node ID Des. 
A 
Des.  
B 
Des. 
C 
Des. 
D 
Sol. 
D1  
Sol. 
D2  
Sol. 
D3 
Sol. 
D4  
Sol. 
D5 
Sol. 
D6  
2 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
3 0.891 0.891 0.891 0.891 0.921 0.957 0.975 0.998 0.891 0.998 
4 0.842 0.862 0.862 0.864 0.902 0.942 0.968 0.998 0.864 0.998 
5 0.763 0.800 0.800 0.813 0.872 0.923 0.956 0.996 0.813 0.998 
6 0.678 0.753 0.753 0.772 0.834 0.900 0.942 0.993 0.772 0.996 
7 0.646 0.738 0.738 0.763 0.826 0.894 0.934 0.993 0.763 0.996 
8 0.625 0.727 0.727 0.758 0.819 0.892 0.931 0.992 0.758 0.996 
9 0.594 0.690 0.690 0.755 0.815 0.891 0.928 0.992 0.755 0.994 
10 0.575 0.660 0.662 0.751 0.811 0.888 0.926 0.992 0.751 0.994 
11 0.557 0.628 0.629 0.746 0.806 0.884 0.924 0.992 0.749 0.994 
12 0.518 0.608 0.608 0.742 0.802 0.882 0.924 0.992 0.746 0.994 
13 0.454 0.465 0.467 0.738 0.794 0.880 0.923 0.991 0.746 0.994 
14 0.510 0.690 0.696 0.759 0.821 0.895 0.932 0.992 0.759 0.996 
15 0.492 0.705 0.710 0.759 0.823 0.895 0.932 0.992 0.759 0.996 
16 0.468 0.720 0.723 0.767 0.828 0.897 0.937 0.993 0.767 0.997 
17 0.510 0.781 0.783 0.808 0.868 0.917 0.955 0.995 0.808 0.998 
18 0.739 0.840 0.843 0.854 0.898 0.938 0.969 0.997 0.854 0.998 
19 0.866 0.877 0.877 0.877 0.911 0.949 0.973 0.998 0.877 0.998 
20 0.749 0.843 0.841 0.811 0.866 0.917 0.955 0.998 0.811 0.998 
21 0.524 0.787 0.786 0.790 0.854 0.907 0.948 0.997 0.805 0.998 
22 0.455 0.769 0.766 0.786 0.853 0.907 0.947 0.997 0.804 0.997 
23 0.664 0.648 0.640 0.769 0.829 0.901 0.937 0.993 0.769 0.998 
24 0.576 0.581 0.612 0.765 0.826 0.898 0.933 0.993 0.765 0.997 
25 0.530 0.636 0.645 0.760 0.822 0.896 0.930 0.993 0.760 0.996 
26 0.473 0.653 0.667 0.761 0.827 0.897 0.933 0.993 0.761 0.996 
27 0.452 0.674 0.681 0.764 0.827 0.897 0.935 0.993 0.764 0.997 
28 0.575 0.598 0.577 0.759 0.821 0.894 0.931 0.993 0.759 0.996 
29 0.452 0.546 0.525 0.743 0.803 0.884 0.926 0.992 0.743 0.993 
30 0.459 0.587 0.558 0.740 0.801 0.884 0.925 0.992 0.740 0.993 
31 0.461 0.594 0.571 0.740 0.801 0.884 0.925 0.992 0.740 0.993 
32 0.498 0.602 0.607 0.747 0.808 0.887 0.928 0.992 0.747 0.996 
Resilience  
Index 
 for 
network 
0.18 0.2814 0.2817 0.35 0.406 
 
0.483 
 
0.549 
 
0.727 
 
0.348 
 
0.768 
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Table 5.2B: Nodal resilience index for Hanoi network 
Node ID Nodal 
resilience 
index at 
Sol. A 
Nodal 
resilience 
index at 
Sol. B 
Nodal 
resilience 
index at 
Sol. C 
Nodal 
resilience 
index at 
Sol. D 
Nodal 
resilience 
index at 
Sol. D1 
Nodal 
resilience 
index at 
Sol. D2 
Nodal 
resilience 
index at 
Sol. D3 
Nodal 
resilience 
index at 
Sol. D4 
Nodal 
resilience 
index at 
Sol. D5 
Nodal 
resilience 
index at 
Sol. D6 
2 0.511 0.511 0.511 0.511 0.536 0.573 0.606 0.762 0.511 0.762 
3 0.038 0.038 0.038 0.038 0.046 0.059 0.074 0.175 0.038 0.175 
4 0.085 0.143 0.144 0.180 0.215 0.265 0.316 0.567 0.180 0.567 
5 0.250 0.398 0.399 0.473 0.534 0.609 0.669 0.659 0.473 0.856 
6 0.255 0.457 0.459 0.552 0.621 0.697 0.752 0.743 0.552 0.903 
7 0.674 0.858 0.860 0.906 0.927 0.958 0.960 0.959 0.906 0.962 
8 0.443 0.762 0.763 0.858 0.892 0.920 0.939 0.939 0.858 0.943 
9 0.488 0.516 0.520 0.913 0.934 0.954 0.965 0.964 0.913 0.968 
10 0.513 0.624 0.625 0.917 0.937 0.955 0.966 0.960 0.917 0.963 
11 0.549 0.662 0.663 0.926 0.945 0.960 0.971 0.968 0.974 0.971 
12 0.313 0.782 0.782 0.962 0.972 0.981 0.985 0.984 0.986 0.985 
13 * 0.0 0.078 0.083 0.982 0.987 0.991 0.993 0.992 0.994 0.993 
14 0.258 0.911 0.909 0.989 0.991 0.994 0.996 0.995 0.989 0.995 
15 0.407 0.828 0.827 0.844 0.879 0.913 0.932 0.919 0.844 0.925 
16 0.091 0.191 0.199 0.339 0.406 0.491 0.561 0.621 0.339 0.783 
17 0.125 0.447 0.455 0.588 0.647 0.715 0.765 0.796 0.588 0.899 
18 0.551 0.635 0.641 0.725 0.767 0.815 0.849 0.862 0.725 0.938 
19 0.209 0.145 0.148 0.198 0.235 0.286 0.338 0.628 0.198 0.572 
20 0.230 0.617 0.608 0.412 0.475 0.553 0.617 0.789 0.412 0.823 
21 0.179 0.799 0.798 0.921 0.938 0.955 0.965 0.964 0.973 0.964 
22 * 0.0 0.945 0.945 0.992 0.994 0.996 0.997 0.997 0.997 0.997 
23 0.320 0.316 0.284 0.680 0.739 0.800 0.841 0.777 0.680 0.941 
24 0.262 0.679 0.848 0.960 0.970 0.979 0.984 0.969 0.960 0.984 
25 0.079 0.484 0.516 0.847 0.879 0.913 0.933 0.845 0.847 0.933 
26 0.183 0.834 0.847 0.982 0.987 0.991 0.993 0.998 0.982 0.993 
27 * 0.0 0.380 0.399 0.951 0.963 0.974 0.980 0.994 0.951 0.980 
28 0.428 0.607 0.561 0.901 0.924 0.946 0.958 0.949 0.901 0.959 
29 * 0.0 0.661 0.589 0.942 0.957 0.970 0.977 0.969 0.942 0.978 
30 0.158 0.926 0.911 0.999 0.999 1.000 1.000 0.999 0.999 1.000 
31 0.027 0.542 0.250 0.893 0.921 0.943 0.956 0.964 0.893 0.957 
32 0.442 0.688 0.703 0.952 0.964 0.981 0.981 0.981 0.952 0.981 
Average 
of nodal 
resilience 
(Ir)j 
0.26 
 
0.56 0.55 
 
0.75 0.78 0.81 0.83 0.86 0.76 0.89 
Resilience  
Index 
 for 
network 
0.18 0.2814 0.2817 0.35 0.406 
 
0.483 
 
0.549 
 
0.727 
 
0.348 
 
0.768 
 
 
* 
The zero value for resilience index is happened because nodal design pressure for such nodes are below 30 
in the solution which is already designed i.e. design pressure at node 22 in H1,  is 29.94 (m)., therefore there 
is no resiliency at such nodes. 
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Table 5.3B: Sensitivity analysis of resilience index at Node 2 to decrease in pipe diameters 
in Hanoi network   
Node ID Decreased pipes 
diameter ID 
Nodal resilience for 5% 
decrease in pipe diameter 
Nodal resilience for 10% 
decrease in pipe diameter 
Nodal resilience for 20% 
decrease in pipe diameter 
Node2 Pipe 1 0.446 (-12.7%) 0.378 (-26%) 0.244 (-52.3%) 
Pipe 6 0.511 0.511 0.511 
Pipe 19 0.511 0.511 0.511 
Pipe 33 0.511 0.511 0.511 
Resilience index of Node2 for 
design D (Ir,n = 0.35) 
0.511 
 
Table 5 .4B: Sensitivity analysis of resilience index at node 13 to decrease in pipe 
diameters in Hanoi network   
Node 
ID 
Decreased pipes 
diameter ID 
Nodal resilience for 5% 
decrease in pipe diameter 
Nodal resilience for 10% 
decrease in pipe diameter 
Nodal resilience for 20% 
decrease in pipe diameter 
Node 
13 
Pipes 1 0.981 (-0.1%) 0.980 (-0.2%) 0.974 (-0.8%) 
Pipes 12 0.976 (-0.6%) 0.970 (-1.2%) 0.946 (-3.7%) 
Pipes 16 0.982 0.981 (-0.1%) 0.981 (-0.1%) 
Pipes 28 0.982 0.982 0.982 
Pipes 31 0.982 0.982 0.982 
Resilience index of Node13 for 
design D (Ir,n = 0.35) 
0.982 
 
Table 5.5B: Sensitivity analysis of resilience index at Node 25 to decrease in pipe 
diameters in Hanoi network   
Node 
ID 
Decreased pipes 
diameter ID 
Nodal resilience for 5% 
decrease in pipe diameter 
Nodal resilience for 10% 
decrease in pipe diameter 
Nodal resilience for 20% 
decrease in pipe diameter 
Node 
25 
Pipe 1 0.838 (-1.1%) 0.830 (-2%) 0.798 (-5.8%) 
Pipe 6 0.842 (-0.6%) 0.840 (-0.8%) 0.834 (-1.5%) 
Pipe 26 0.835 (-1.4%) 0.825 (-2.6%) 0.798 (-5.8%) 
Pipe31 0.846 (-0.1%) 0.842 (-0.6%) 0.841(-0.7%) 
Pipe 34 0.847 0.851 (+0.5%) 0.860 (+1.5%) 
Resilience index of Node25 for 
design D (Ir,n = 0.35) 
0.847 
 
Table 5.6B: Sensitivity analysis of resilience index at Node 2 to decrease in pipe 
roughness coefficients in Hanoi network   
Node 
ID 
Decreased pipes 
roughness ID 
Nodal resilience for 5% 
decrease in pipes roughness 
coefficient 
Nodal resilience for 10% 
decrease in pipes 
roughness coefficient 
Nodal resilience for 20% 
decrease in pipes 
roughness coefficient 
Node2 Pipe 1  0.487 (-4.7%)  0.460 (-10%) 0.404 (-20.9%) 
Pipe 6 0.511 0.511 0.511 
Pipe 19 0.511 0.511 0.511 
Pipe 33 0.511 0.511 0.511 
Resilience index of Node2 
for design D (Ir,n = 0.35) 
0.511 
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Table 5 .7B: Sensitivity analysis of resilience index at node 13 to decrease in pipe 
roughness coefficients in Hanoi network   
Node 
ID 
Decreased pipes 
roughness ID 
Nodal resilience for 5% 
decrease in pipes 
roughness coefficient 
Nodal resilience for 10% 
decrease in pipes roughness 
coefficient 
Nodal resilience for 20% 
decrease in pipes roughness 
coefficient 
Node 
13 
Pipes 1 0.982 0.981(-0.1%) 0.980 (-0.2%) 
Pipes 12 0.980 (-0.2%) 0.978 (-0.4%) 0.972 (-1%) 
Pipes 16 0.982 0.982 0.981(-0.1%) 
Pipes 28 0.982 0.982 0.982 
Pipes 31 0.982 0.982 0.982 
Resilience index of Node13 
for design D (Ir,n = 0.35) 
0.982 
 
Table 5 .8B: Sensitivity analysis of resilience index at Node 25 to decrease in pipe 
roughness coefficients in Hanoi network   
Node 
ID 
Decreased pipes 
roughness ID 
Nodal resilience for 5% 
decrease in pipes 
roughness coefficient 
Nodal resilience for 10% 
decrease in pipes roughness 
coefficient 
Nodal resilience for 20% 
decrease in pipes roughness 
coefficient 
Node 
25 
Pipe 1 0.842 (-0.6%) 0.840 (-0.8%) 0.834 (-1.5%) 
Pipe 6 0.844 (-0.4%) 0.841(-0.7%) 0.840 (-0.8%) 
Pipe 26 0.842 (-0.6%) 0.837 (-1.2%) 0.828(-2.2%) 
Pipe 31 0.847 0.846 (-0.1%) 0.843 (-0.5%) 
Pipe 34 0.846 (-0.1%) 0.846 (-0.1%) 0.850 (+0.4%) 
Resilience index of Node25 
for design D (Ir,n = 0.35) 
0.847 
 
Table 5 .9B: Sensitivity analysis of resilience index at Node 2 to increase in nodal 
demands in Hanoi network   
Node ID Increased nodal 
demands ID 
Nodal resilience for 5% 
increase in nodal demand 
Nodal resilience for 10% 
increase in nodal demand 
Nodal resilience for 20% 
increase in nodal demand 
Node2 Node 2 0.491 (-3.9%) 0.473 (-7.4%) 0.440 (-13.9%) 
Node 3 0.510 (-0.2%) 0.508 (-0.6%) 0.505 (-1.2%) 
Node 9 0.510 (-0.2%) 0.509 (-0.4%) 0.507 (-0.8%) 
Node 31 0.511 0.511 0.511 
Resilience index of Node2 for 
design D (Ir,n = 0.35) 
0.511 
 
Table 5 .10B: Sensitivity analysis of resilience index at node 13 to increase in nodal 
demands in Hanoi network   
Node 
ID 
Increased nodal 
demands ID 
Nodal resilience for 5% 
increase in nodal demand 
Nodal resilience for 10% 
increase in nodal demand 
Nodal resilience for 20% 
increase in nodal demand 
Node 
13 
Node 2 0.982 0.982 0.982 
Node 12 0.982 0.981 (-0.1%) 0.981 (-0.1%) 
Node 13 0.867 (-11.7%) 0.774 (-21.2%) 0.633 (-35.5%) 
Node 29 0.982 0.982 0.981(-0.1%) 
Resilience index of Node13 for 
design D (Ir,n = 0.35) 
0.982 
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Table 5.11B : Sensitivity analysis of resilience index at Node 25 to increase in nodal 
demands in Hanoi network   
Node 
ID 
Increased nodal 
demands ID 
Nodal resilience for 5% 
increase in nodal demand 
Nodal resilience for 10% 
increase in nodal demand 
Nodal resilience for 20% 
increase in nodal demand 
Node 
25 
Node 2 0.844 (-0.4%) 0.844 (-0.4%) 0.843 (-0.5%) 
Node 6 0.843 (-0.5%) 0.840 (-0.8%) 0.835 (-1.4%) 
Node 25 0.761(-10.2%) 0.694 (-18.1%) 0.590 (-30.3%) 
Node 26 0.841 (-0.7%) 0.836 (-1.3%) 0.828 (-2.2%) 
Node 29 0.841 (-0.7%) 0.840 (-0.8%) 0.835 (-1.4%) 
Node 32 0.832 (-1.8%) 0.824 (-2.7%) 0.802 (-5.3%) 
Resilience index of Node25 for 
design D (Ir,n = 0.35) 
0.847 
 
Table 5 .12B : Sensitivity analysis of resilience index at Node 2 to increase in required 
minimum pressure in Hanoi network   
Node ID 
Nodal resilience for 5% 
increase in minimum 
pressure 
Nodal resilience for 10% 
increase in minimum 
pressure 
Nodal resilience for 20% 
increase in minimum 
pressure 
Node2 0.505 (-1.2%) 0.500 (-2.2%) 0.487 (-4.7%) 
Resilience index of Node2 
for design D (Ir,n = 0.35) 
0.511 
 
 
Table 5.13B : Sensitivity analysis of resilience index at Node 13 to increase in required 
minimum pressure in Hanoi network   
Node ID Nodal resilience for 5% 
increase in minimum 
pressure 
Nodal resilience for 10% 
increase in minimum 
pressure 
Nodal resilience for 20% 
increase in minimum 
pressure 
Node13 0.980 (-0.2 %) 0.978 (-0.4%) 0.973 (-0.9%) 
Resilience index of Node2 
for design D (Ir,n = 0.35) 
0.982 
 
Table 5.14B: Sensitivity analysis of resilience index at Node 25 to increase in required 
minimum pressure in Hanoi network   
Node ID Nodal resilience for 5% 
increase in minimum 
pressure 
Nodal resilience for 10% 
increase in minimum 
pressure 
Nodal resilience for 20% 
increase in minimum 
pressure 
Node25 0.836 (-1.3%) 0.825 (-2.6%) 0.796 (-6%) 
Resilience index of Node2 
for design D (Ir,n = 0.35) 
0.847 
 
Table 5 .15B: Sensitivity analysis of resilience index for Hanoi network to decrease in pipe 
diameter 
Design ID Decreased pipes 
diameter ID 
Resilience index for 
network for 5% decrease 
in pipe diameter 
Resilience index for 
network for 10% decrease 
in pipe diameter 
Resilience index for 
network for 20% decrease 
in pipe diameter 
Two-loop 
network 
Sol. E 
Pipe 1 0.335 (-4.3%) 0.319 (-8.9%) 0.267 (-23.7%) 
Pipe 16 0.344(-1.7%) 0.341(-2.6%) 0.333 (-4.9%) 
Pipe 33 0.346 (-1.1%) 0.346 (-1.1%) 0.346 (-1.1%) 
Resilience index for Hanoi 
network at Des. D 
0.350 
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Table 5 .16B: Sensitivity analysis of resilience index for Hanoi network to decrease in pipe 
roughness coefficient 
Design ID 
Decreased 
pipes diameter 
ID 
Resilience index for 
network for 5% decrease in 
pipe roughness coefficient 
Resilience index for 
network for 10% decrease 
in pipe roughness 
coefficient 
Resilience index for 
network for 20% decrease 
in pipe roughness 
coefficient 
Two-loop 
network 
Sol. E 
Pipe 1 0.342 (-2.3%) 0.338 (-4.3%) 0.326 (-6.9%) 
Pipe 4 0.345 (-1.4%) 0.344 (-1.7%) 0.342 (-2.3%) 
Pipe 6 0.346 (-1.1%) 0.346 (-1.1%) 0.346 (-1.1%) 
Resilience index for Hanoi 
network at Des. D 
0.350 
 
Table 5.17B: Sensitivity analysis of resilience index for Hanoi network to increase in 
nodal demand 
Design ID Decreased 
pipes diameter 
ID 
Resilience index for 
network for 5% increase 
in nodal demand 
Resilience index for 
network for 10% decrease 
in nodal demand 
Resilience index for 
network for 20% decrease 
in nodal demand 
Two-loop 
network 
Sol. E 
Node 2 0.346 (-1.1%) 0.346 (-1.1%) 0.346 (-1.1%) 
Node 13 0.343 (-2%) 0.340 (-2.9%) 0.334 (-4.6%) 
Node 25 0.346 (-1.1%) 0.345 (-1.4%) 0.344 (-1.7%) 
Resilience index for Hanoi 
network at Des. D 
0.350 
 
Table 5 .18B: Sensitivity analysis of resilience index for Hanoi network to increase in 
minimum pressure at all nodes 
Design ID 
Resilience index for network 
for 5% increase in minimum 
pressure 
Resilience index for network 
for 10% decrease in minimum 
pressure 
Resilience index for 
network for 20% 
decrease in minimum 
pressure 
Two-loop network Sol. E 0.332 (-5.1%) 0.317 (-9.4%) 0.285 (-18.6%) 
Resilience index for 
Hanoi network at Des. D 
0.350 
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Figure 5.1B: Relation between reliability and resilience index for Nodes 2 to 32 of Hanoi 
network(COV=0.2) 
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